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ABSTRACT

In this work, a seeding technique was used to synthesize films and membranes of

FAU, LTA and MFI type zeolites. In the first part, hydrothermal growth was

performed without organic template molecules, which resulted in template-free

zeolite films and membranes. The samples were characterized by Scanning

Electron Microscopy, X-ray Powder Diffraction and permeation measurements

with gaseous probe molecules. Thin films of FAU-type zeolite were prepared on

polished single crystals. The thickness and morphology of the films could be

controlled by varying the synthesis conditions. Preparation of LTA-type

membranes was also attempted. However, the membranes cracked during drying at

temperatures above room temperature. Template free MFI membranes with higher

quality could be prepared. These membranes had a maximum separation factor α of

17.8 at 220 °C for a n-butane/i-butane mixture. Cracks formed at temperatures

higher than 250 °C. Crack formation in zeolite membranes at high temperatures has

also been reported by several other groups. Since no model for the crack formation

process has been established in the literature, the second part of this work was

devoted to study crack formation and to develop a model. Relatively thick (ca 1800

nm) α-alumina supported MFI films, prepared using organic template molecules

(TPA+), were selected for the study since data on crack formation in the form of

SEM images and permeation measurements for these membranes had been

obtained in earlier work by the group. These membranes were further studied by in-

situ High Temperature X-ray Powder Diffraction experiments in the present work.

In addition, MFI powder and a blank α-alumina support were also investigated.

Data were collected with the aid of a Synchrotron radiation facility as well as with

a conventional laboratory instrument for the temperature cycle 25-500-25 °C. The

Rietveld method was used to determine the unit cell parameters of MFI and α-



alumina as well as the TPA+ occupancy of MFI. The out-of-plane strain (i.e. strain

in the direction perpendicular to the film surface) in the film and the support was

calculated. In addition, the microstructure of the support was investigated by

pattern decomposition and Williamson-Hall plots. In agreement with previous

reports in the literature, it was found that the TPA-MFI structure contracts as a

consequence of template removal and possibly also a structure intrinsic mechanism

and the α-alumina support expands. Hence, a large thermal expansion mismatch

occurs in the membranes during heating. An overall out-of-plane compressive

strain was observed for the MFI film during heating, which indicates an in-plane

tensile stress (i.e. in the direction parallel to the film surface) in the film. This result

was explained by the larger expansion of the support, compared to the film. The α-

alumina support was also found to be under an overall out-of-plane compressive

strain at non-ambient temperatures, presumably due to zeolite in the pores of the

support. The microstrain for the MFI coated α-alumina support increased during

heating, and remained during cooling, which indicate the formation of structural

defects in the support. Based on these results and results from earlier work, a model

for crack formation was proposed: In the thick films (ca 1800 nm) studied in the

present work, the crystals are well intergrown. During heating, the MFI crystals

contracts and the α-alumina support expands. Consequently, a thermal stress

develops in the composite which eventually leads to formation of cracks. In

addition, part of the stress is also released via formation of structural defects in the

α-alumina support. In thinner films (ca 500 nm), the crystals are less well

intergrown and the thermal expansion mismatch between the crystals in the film

and the support leads to opening of grain boundaries in the film rather than cracks.
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1. INTRODUCTION

1.1 What is a zeolite?

Zeolites are alumino-silicates with an open structure composed of a three-

dimensional network of [SiO4]
4- and [AlO4]

5- tetrahedra sharing all the corners

with each other. The pores are of molecular dimensions and are defined by the

crystal structure. Zeolites may be found in nature as minerals and also

synthesized in the laboratory. A general formula for the chemical composition

may be expressed as:

( ) [ ] OnHOSiAlMM xmxmm 22
25.0, ⋅−

++

where M = extra-framework cation. The exchange of silicon for aluminum in the

framework results in a net negative charge, which must be compensated by

extra-framework cations. In general, these may be any alkali, alkaline earth or

rare earth cations as well as organic cations such as the tetrapropylammonium

ion. In addition to the neutralizing cations, the voids (cages and channels)

usually contain water or organic molecules that must be removed by heating in

order to activate the material, i.e. render the pores of the structure available for

guest molecules. Si may be substituted for other tetrahedrally coordinated

elements such as B, Ti, Fe and Ga, forming zeolite-like materials. Hence further

tailoring of the materials for a specific purpose is possible.

Depending on the structure, the size of the pores is in the range 3 to 13 Å [1].

Such pores are called micropores (i.e. d < 2 nm), according to the International

Union of Pure and Applied Chemistry (IUPAC). The apertures are bounded by

oxygen atoms of connected tetrahedras in rings involving 6, 8, 10 or 12 oxygen

atoms. However, other factors such as the location, size and coordination of the

extra-framework cations are also influencing pore size. A good example is

zeolite A, in which the size of the pore openings can be tailored by using extra-

framework cations of different sizes.
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The interconnected regular three-dimensional network of micropores, the Si/Al

ratio and the nature and content of the extra-framework cations are key factors

determining the physical and chemical properties of zeolites. The well-defined

micropores give the zeolites molecular sieving properties, i.e. if the molecule is

larger than the pore size, it will not enter the structure. In fact, zeolites are also

called “molecular sieves” which are structures able to separate molecules on size

basis. As the Si/Al ratio decreases, the surface becomes more hydrophilic and

more cations are needed to compensate the negative charges introduced by

aluminum. The extra-framework cations are in many cases exchangeable, which

allows for the introduction of acid sites bonded to the non-saturated oxygen

atoms.

The framework topologies are represented by three capital letters, in

accordance with the recommendations of the IUPAC committee on chemical

nomenclature of zeolites.

Zeolites with three different topologies were investigated in this work; Zeolite

Y (FAU), zeolite A (LTA) and ZSM-5/silicalite-1 (MFI). These structures are

shown in Figure 1.

Figure 1. The framework of FAU, LTA and MFI is shown in (a), (b) and (c),
respectively.
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All of them have found important industrial applications and are therefore

synthesized on a large scale. Zeolite Y and X are the synthetic analogues to the

natural faujasite. The difference between these two zeolites is the Si/Al ratio,

which is 1-1.5 and 1.5-3 in zeolite X and Y, respectively [2]. Zeolite A has a

Si/Al ratio of ca. 1 [3]. ZSM-5 can be synthesized with Si/Al ratios in the range

5-100 [4]. Silicalite-1 is the aluminum-free form of ZSM-5, and is prepared

using organic template molecules (discussed further in section 1.3). A zeolite

mineral with the MFI topology, mutinaite, was also discovered [5].

The FAU- and LTA-type structures are cubic with a three-dimensional pore

system (Figure 1a and b, respectively). The equidimensional channels intersect

in a perpendicular fashion. The free aperture diameter for the channels is 8 and 4

Å in NaY [6] and NaA [3], respectively. MFI type materials have two stable

symmetries: monoclinic and orthorhombic at low and high temperature,

respectively. The phase transition is reversible and the transition temperature for

HZSM-5 with a Si/Al ratio of 300 is ca 70 °C [7]. However, the temperature of

transition depends on the Si/Al ratio [8] and the presence/absence of guest

molecules such as water [8] and organic compounds [9]. MFI type zeolite has a

two-dimensional pore system consisting of sinusoidal channels (5.1×5.5 Å)

running in the a-direction and intersecting straight channels (5.3×5.6 Å) running

along b [10] (Figure 1c).

1.2 Thermal expansion of zeolites

Generally, zeolites exhibit the unusual phenomenon of intrinsic negative

thermal expansion (NTE), i.e. materials which contract on heating. The

phenomenon is likely correlated to the nature of the channel system [11,12].

Zeolites with two-or three-dimensional channel systems show NTE which was

suggested to result from structural expansion into the pores and channels during

heating [11]. The positive thermal expansion observed in a few zeolites seems to
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be encouraged by high density and one-dimensional pore systems [11,12]. Park

et al. investigated the thermal behavior of as-synthesized and calcined forms of

MFI, DOH, DDR and MTN [13]. The as-synthesized forms displayed a positive

thermal expansion in the temperature range 120-298 K. The calcined materials

were investigated in the temperature range 298-1200 K. An expansion of the

structures was observed up to 370-520 K (with the exact temperature depending

on the structure). Upon further heating, NTE of the materials was observed. The

thermal behavior of TPA-MFI has been studied extensively [14-16]. The

structure experiences a strong contraction in the temperature interval in which

the template molecules are decomposed. The unit cell of the calcined framework

is smaller than the as-synthesized one [14,15,17]. Attfield and Sleight used HT-

XRPD data and Rietveld refinements to study the thermal behavior of siliceous

FAU [18] in the temperature range 25-573 K. A constant thermal expansion of –

4.2 10-6 K-1 was observed (i.e. NTE). Tschaufeser and Parker [11] performed

lattice dynamic calculation for various zeolites to evaluate the thermal expansion

behavior. The NTE in FAU observed experimentally by Attfield and Sleight was

in perfect agreement with the predicted values. However, the calculations for the

Al substituted FAU failed to predict the experimental results from High

Resolution Diffraction data reported by Couves et al. [19] who found that NAX

expands upon heating above 200 K (the investigated temperature range was 25-

293 K). A factor that possibly explained this discrepancy is the presence of

water in the zeolite investigated by Couves et al. The charge compensating

cations as well as adsorbed water affect the thermal expansion behavior of the

zeolite. In particular, bonds between framework oxygen atoms and alkali or

alkaline earth cations exhibit large positive thermal expansion. These cations

may therefore provide a positive contribution to the thermal expansion of the

zeolite. The dynamic lattice calculations by Tschaufeser and Parker show that

the siliceous zeolites exhibit a larger NTE than the aluminum containing
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analogues [11]. Colantuono et al. showed that the dehydration of zeolite A is

accompanied by a strong contraction of the framework [20].

1.3 Zeolite crystallization

Zeolites are often crystallized by hydrothermal treatment of an aqueous

synthesis mixture containing a silica source, an aluminum source and an alkali

source. Upon mixing the components, a gel is normally precipitated. It is also

possible to prepare highly alkaline zeolite precursor mixtures in the form of

clear solutions [21].

The composition of the precursor mixture is important and controls the

properties of the final product. The Si/Al ratio in the mixture influences the ratio

in the zeolite product. Some zeolites, such as ZSM-5, crystallize in a very broad

range of Si/Al ratios in the starting gel. For other structure types, such as zeolite

A and the FAU-type zeolites, the range is very narrow. The hydroxide content of

the system influences the nature of the species present in the reaction mixture,

the concentration of the dissolved components, the charge of these species and

the rate of hydrolysis or exchange between solid and liquid phases or between

different species in solution. Thus, it is obvious that the alkalinity in the

synthesis batch influences the final composition and structure type [22]. For

example, as the silica species are more soluble than alumina species, an

increased pH may favor the formation of zeolites with a lower Si/Al ratio [22].

The primary role of the inorganic cations added in the synthesis gel is to

compensate the negative charge introduced in the framework by Al. However,

they may also have a structure directing role, i.e. the addition of the cations

results in the crystallization of a zeolite which otherwise would not have formed.

One example of this is sodium in the crystallization of LTA and FAU [23].

These cations are frequently referred to as templates or structure directing

agents (SDA). Organic cations, such as tetrapropylammonium (TMA+) and



6

tetrapropylammonium (TPA+), may also be used as framework charge

compensator and templates. Due to the large size of these compounds, the

number of negative Al centers they can neutralize is limited. Hence, the Si/Al

ratio can be increased in a given structure by exchanging the conventional alkali

cations for organic ones in the synthesis mixture. For example, silicalite-1, the

aluminum-free analog of ZSM-5, is obtained by large organic cations as

templates. The most common SDA for the crystallization of MFI zeolite is

TPA+. The ions are found in the intersection of the straight and sinusoidal

channels [24]. Figure 2 shows a sketch view of the MFI channel system,

including the position of the TPA+ ions. The template molecules block the pores

of the zeolite structure and must be removed in order to activate the material.

The zeolite activation is usually achieved by calcination, which entails

decomposition of the organic molecules at temperature higher than 400 °C. The

calcined structure is in protonated form. In the preparation of zeolites for use as

acid catalysts, the use of organic cations instead of inorganic ones is an

advantage since no exchange of the alkali ions for H+ via the ammonium ion is

necessary to obtain the catalytically active material. The reaction mechanism for

Figure 2. A sketch view of the MFI channel system showing the sinusoidal
channels running along the a-direction, and the straight channels running along
the b-direction. The TPA+ template molecules are trapped in the channel
intersections.
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the TPA+ decomposition during calcination of MFI type zeolite will be

discussed further in section 1.4.

High temperature calcination processes may be unsuitable in many cases, for

example for zeolite films prepared on temperature-sensitive supports. In

addition, thermal stress may develop at elevated temperatures [15]. Some efforts

have been made to find alternative routes for the template removal, in order to

avoid these problems. Techniques that have been described in the literature are

(i) ozone treatment at moderate temperatures [25], (ii) UV light exposure at near

room temperature during which the organic template molecules are degraded

and removed from the structure [26] and (iii) the use of structure directing

agents degradable by acidic hydrolysis [27].

Other parameters influencing the zeolite synthesis are the purity of the

chemicals used as well as the ageing time of the synthesis mixture prior to

thermal treatment. For example, aluminum contamination limits the possibility

to tailor the Si/Al ratio of the product. Ageing of the synthesis mixture prior to

thermal treatment may decrease the duration of the crystallization, alter the size

of the crystals in the final product and decrease the induction period [28]. It

should be remarked that the chemistry of zeolite synthesis is very complex, and

there is no simple way of predicting the optimal conditions for the synthesis of

the desired product. However, for practical use, a collection of verified recipes

for the crystallization of a large number of zeolite structures was published [29].

In addition to the composition of the synthesis mixture, there are a number of

physical parameters that influence the zeolite crystallization. Synthesis time is a

very important parameter to control the properties of the product. Crystallization

curves representing the conversion of amorphous material to crystalline material

as a function of synthesis time can be used to gain information about the

reaction kinetics [30]. Such curves are obtained by plotting the amount of

crystalline material(s) in the synthesis mixture as a function of synthesis time.

Since the desired zeolite is often a metastable product, such curves may be used
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to identify the synthesis time for maximum crystallinity and purity under certain

conditions. Another important variable is the temperature, which has a direct

influence on the crystallization kinetics [31]. In addition, metastable species are

decomposed faster at higher temperatures. Stirring of the synthesis mixture

modifies the local concentration of the reagents and may result in for example

different crystallization kinetics or formation of a different phase [32]. The

addition of seed crystals can be used to govern the nature of the final product.

For example, Kumakiri et al. showed that depending on the topology of the seed

crystals added in the synthesis mixture, both FAU and LTA type zeolite could

be obtained as only product using the same synthesis conditions (temperature,

duration and precursor solution) [33]. Kacierk et al. studied the growth of FAU

using the addition of seeds in synthesis gel with various compositions [34]. It

was found that FAU could be obtained as major product using the addition of

seed crystals in a synthesis gel which gave zeolite NaP1 as major product in the

absence of seeds.

1.4 TPA decomposition in MFI Zeolite

Pyrolytic decomposition of TPA occluded in the as-synthesized MFI structure

has been studied extensively by thermal gravimetric analysis (TGA) [35-43], in

some studies coupled to mass spectroscopy (MS) for in-situ monitoring of the

decomposition products [36,42]. Other techniques that have been used are C-

NMR [40-41], Si-NMR [39-40] and Infrared (IR) spectroscopy [41,44]. Based

on the results from TGA-MS analyses, Parker et al. [36] proposed a model for

the decomposition of ion-paired TPA+ in MFI. According to this model, the first

step is a Hofmann elimination reaction, with tripropylamine, propene and water

as products (Reaction 1, see below). The second step is a β- elimination of each

propyl group with ammonia as a final product (Reaction 2-4, see below).

1. ( ) ( ) OHCHCHCHNHCOHNHC 223373473 +=−+→⋅ −+
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2. ( ) ( ) 23273373 CHCHCHNHHCNHC =−+→

3. ( ) ( ) 23273273 CHCHCHNHHCNHHC =−+→

4. ( ) 233273 CHCHCHNHNHHC =−+→

An analogous mechanism was suggested for the decomposition of TPA+ ions

compensating for the negative charges introduced by Al [36].

Generally, the decomposition of the TPA+ in the zeolite structure is

accompanied by several endothermal DTA peaks whose position, intensity and

shape depend on the nature of organic template used [36,41], the amount and

nature of trivalent elements incorporated in the structure [35-38], the synthesis

medium (OH-or F-) [38,41] and the heating rate [43]. Earlier work has shown

that TPA+ ions neutralizing the framework negative charge introduced by Al are

more strongly held (hence decompose at a higher temperature) than those not

interacting with the (Si-O-Al)- groups [35-38]. The relative amount of TPA+

decomposed at higher temperature is well correlated with the amount of

negative charge of the framework which has to be neutralized by TPA+ ions

[35,38-39]. The low temperature peaks were first assigned to the presence of

TPAOH in the zeolite channels [37-38,41]. Later it was suggested that in the

commonly used synthesis conditions of MFI zeolite, a large amount of Si-O-R

defect groups (R= H, M or TPA) are formed, which recombine under calcination

to yield the final healed structure [44]. Hence, the lower temperature DTA peaks

were also assigned to the TPA+ ions, which neutralize the Si-O- negative

charges of the defect groups [39-40]. El Hage-Al Asswad et al. assigned the

high temperature peak observed in a MFI sample with a high Si/Al ratio to more

“relaxed” TPA+ ions balancing the negative charges introduced by the defect

groups [40].

The calcination of the organic template under oxidizing condition is not

studied to the same extent, compared to the calcination in an inert atmosphere.

However, Gilbert et al. [43] used thermoanalytical techniques (TG, DTA, DTG)
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to study the effect of heating rate and gas atmosphere (inert and oxidizing) on

the template decomposition in TPA-silicalite-1. Endothermal DTA peaks were

detected when the calcination was performed in an inert environment, as found

previously (see above). However, under oxidizing conditions (air, oxygen,

ozone and air mixture), the template decomposition reaction was found to be net

exothermic as expected for an oxidation reaction. By FTIR spectroscopy, Geus

and van Bekkum [14] observed the presence of propene in single MFI crystals

after partial calcination in air. Hence, the initial Hofmann degradation reaction

of TPA was confirmed during calcination in the presence of oxygen.

1.4.1 Defect formation in large MFI crystals

Template decomposition in large MFI crystals may result in intra-crystal

cracks [14,45-46]. Soulard et al. studied the template decomposition in fluoride-

synthesized MFI crystals by means of thermal analysis techniques (TG, DTG,

DTA and DSC) and C-NMR [45]. The dependence of the positions and areas of

the DSC peaks on the crystal size were explained by the formation of cracks in

larger crystals (150×65×15 μm3) during the initial Hofmann elimination

reaction. In a later work, crack formation during template removal within single

crystals with MFI topology (cube-shaped silicalite-1, fluoride-synthesized

silicalite-1 and vanadium-containing silicalite-1) was investigated [14]. Light

microscopy observations of cracks in the crystals at different stages of the

calcination were explained with the aid of complementary results from in-situ

micro-FTIR spectroscopy and thermogravimetry. For cube-shaped silicalite-1

crystals, the crystal size was correlated to the amount and nature of cracks

formed during calcination. In large crystals (> 300 μm length) some straight

cracks (not observed in smaller cubes) along the c-axis develop at 260 °C. The

occurrence of straight cracks seemed related to the dehydration of the

framework, as shown by FTIR spectroscopy and TG, during the initial Hofmann
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elimination reaction of TPA (with tripropylamine and propene as products).

Random cracking was observed in cube-shaped crystals larger than 150 μm

(more severe in larger crystals) as well as fluoride- and vanadium-silicalite. The

random cracking coincided with the temperature interval in which the further

degradation of tripropylamine via β-elimination reactions occurs, according to

FTIR spectroscopy results. Furthermore, a brown color developed within the

crystals in that temperature interval. Hence, the author hypothesized that the

development of random cracks may be related to the formation of carbonaceous

species within the zeolite framework. Pachtova et al. studied the TPA removal in

large silicalite-1 crystals of three different dimensions [46]. The calcination was

effected in both air and nitrogen. According to ex-situ light microscopy, no

cracks were observed in the smallest crystal (Lc = 130 μm) after calcination in

air. In larger crystals, cracks developed in both air and nitrogen atmosphere. In

the medium-sized crystals (Lc = 190 μm), cracks were found after complete

template removal, whereas in the largest crystals (Lc = 230 μm) they already

appeared after partial calcination. Hence, in concert with previous results [14],

the formation of cracks was related to the crystal size. In practice, intra-crystal

cracks would have a negative effect on the selectivity of a membrane (see next

section). However, the crystals constituting zeolite films are generally elongated

perpendicular to the surface (i.e. columnar) and not larger than 1 μm. Therefore,

the studies discussed in this section does not necessarily suggest that intra-

crystal cracks should be a problem in MFI membranes.

1.5 General about membranes

This section will give a short introduction to membrane technology and some

terms frequently used in membrane science will be defined here, as they also

will appear in this thesis.
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A membrane is a selective permeable barrier, capable of separating

components in a gas or a liquid stream in a continuous process. The selectivity is

based on differences in physical or chemical properties of the components in the

mixture. The driving force for flow through the membrane is a gradient in

chemical potential such as a pressure gradient. The feed is the mixture to be

separated and the permeate is the portion of the feed that diffuses through the

membrane. The retentate is the portion of the feed that does not pass through the

membrane. The terms flux and permeance are frequently encountered. The flux

is defined as the flow (mass-, molar- or volumetric flow) per unit area and the

permeance is calculated by dividing the flux with the partial pressure gradient

over the membrane. Permeation experiments in which the feed is one single

compound is referred to as single permeation. The ratio of the permeance of two

compounds, measured in single permeation experiments, is called

permselectivity (or ideal selectivity). The separation factor (or separation

selectivity), αi,j, for a binary mixture of compound i and j with the molar fraction

x is defined as:

Feedj

i

Permeatej

i

ji

x

x

x

x

=,α
(1.1)

A classification of membrane processes in general can be based on the phases

of the feed and permeate as well as the driving force for diffusion through the

membrane [47]. In microfiltration, ultrafiltration and reverse osmosis, both the

feed and the permeate are in the liquid phase. In pervaporation, a liquid feed is

fed to the membrane and the permeate side of the membrane is kept under

vacuum. Hence, the permeate is in gas phase. In fact, the term “pervaporation”

is a contraction of “permeation” and “evaporation” [48]. In gas permeation, both

the feed and the permeate are in gas phase. The Wicke-Kallenbach setup is
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frequently used, in which a partial pressure difference across the membrane act

as the driving force for diffusion. The partial pressure difference is maintained

by the use of a sweep gas (often He or N2) on the permeate side. A difference in

absolute pressure across the membrane, referred to as transmembrane pressure,

can also be used as the driving force for diffusion.

1.6 Zeolite membranes

The thermal and chemical stability combined with high fluxes and selectivity

are the main potential advantages of zeolite membranes over organic membranes

and other inorganic ones [49-50]. Some groups have prepared free-standing

zeolite films which were tested as membranes [51,52]. A major draw-back is

that the films have to be thick (for example > 60 μm in [52]) to obtain enough

mechanical strength for membrane applications. Consequently, the fluxes are

low. In order to prepare thinner films with reasonable fluxes, the majority of

zeolite membranes are prepared on porous supports. Generally, the zeolite is

prepared as a continuous film on top of the support. However, some groups

grow the zeolite in the pores of the support [53-56]. Molecules may be separated

on the basis of difference in size and shape (molecular sieving), diffusivity and

adsorption strength (preferential adsorption). In preferential adsorption, one

component is more strongly adsorbed than others. In this case, larger molecules

may permeate more readily than smaller molecules if both components are

sufficiently small to enter the pores. The permeation of gases is temperature

dependent which is explained by the variation of diffusivity and adsorption with

temperature [57]. Zeolite membranes are generally used for processes in which

one or both sides of the membrane are in gas phase (i.e pervaporation or gas

separation). At the present, there is large research activity, which is reflected in

the large number of published papers and filed patents, on this subject. Various

zeolites with different pore size and aluminum content such as Faujasite type
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structures [58-60], A-type structures [59,61-65] and Ferrierite type structures

[66] were investigated in membrane applications. However, most literature

concerning this field deals with MFI-type structures and a few examples are

given in the reference list [60,67-73]. MFI is a particularly interesting structure

type due to the pores with a diameter similar to the kinetic diameter of many

industrially important molecules. The high thermal stability (>600 °C [74]) is

another important characteristic of this structure. Furthermore, the Si may be

substituted by other tetrahedrally coordinated atoms such as B, Al, Ti, Fe and Ga

which introduces new properties. Such materials have recently been investigated

in membrane applications [75-77].

Zeolite membranes have also a great potential as a component in membrane

reactors [78]. A membrane reactor can be used to simultaneously carry out

reaction and separation in a continuous process [79]. Zeolite membranes are

commonly integrated in so-called packed bed membrane reactors (PBMR) and

catalytic membrane reactors (CMR) (see Figure 3) [78]. The membrane may

serve to increase the conversion of the equilibrium limited reaction by selective

removal of one of the reaction products. Also, the reaction selectivity may be

increased by controlled addition of a reactant through the membrane. In PBMR,

the reaction is carried out in a packed bed of catalyst pellets or extrudates in the

flow stream. In CMR on the other hand, the membrane serves as both a

permselective barrier as well as reaction catalyst. For example, Van de Graaf et

al. increased the conversion of propene into ethene, cis-2-butene and trans-2-

butene by selectively removing trans-2-butene using a silicalite-1 membrane

[80-81].

The majority of the applications proposed to date for zeolite membranes are of

relatively large scale. For separation processes, excellent results (high fluxes and

selectivity) were obtained for isomer separation such as xylenes [67,82]. A

major current draw-back for industrialization of large-scale processes involving
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Figure 3. A sketch of a packed bed (a) and catalytic (b) membrane reactor.

zeolite membranes is the high costs for the membranes, mainly due to batch

syntheses, expensive chemicals and supports [83]. In the recent years, increased

interest was paid to zeolite membranes in small-scale applications [83,84].

A promising micro-scale application for zeolite membranes is sensors. The

role of the zeolite is often to enhance the selectivity of an existing sensor by

physically separate the interfering molecules from the ones that should be

sensed [85-86]. Vilaseca and coworkers [85] studied a Pd-doped SnO2

semiconductor gas sensor coated with different zeolite type films (LTA and

MFI). The response to methane and propane was completely and partly

suppressed when the sensor was covered with a film of zeolite LTA and MFI,

respectively. The film hinders the diffusion of these molecules to the sensing

layer as they do not readily adsorb in the zeolite. The ethanol response is almost

not affected as this molecule effectively adsorb and diffuse in the zeolite. The

presence of water in the gas stream has a negative effect on the response of all

gases. However, the sensor response towards ethanol is still sufficient, as this

molecule may compete with water for access to adsorption sites, and hence

diffusion towards the sensing layer. Grahn et al. showed that zeolites also have a

positive effect on the sensitivity of the sensor, due to effective adsorption of the

analyte [87].
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1.6.1 Synthesis of supported zeolite films

There are three main routes to synthesize continuous supported zeolite films. A

common method is to treat the support directly with a molecular sieve precursor

solution, called in-situ crystallization or direct synthesis in the literature.

Different approaches are discussed in a report by Jansen et al. [88]. Direct

synthesis relies on both nucleation and growth of molecular sieve crystals on the

surface of the support. The surface chemistry of the support plays a crucial role

in the nucleation step and the support must therefore be chosen carefully [89].

The second method, called the vapor phase transport method, was first described

by Xu et al. [90]. MFI zeolite was crystallized from an amorphous dry

aluminosilicate gel under the vapors of triethylamine (Et3N), ethylenediamine

(EDA) and water. Since then, the method has been used to synthesize

membranes of various zeolites such as ANA, MOR, FER and MFI [91-92]. The

third, and nowadays the most common method involves the growth of seed

crystals attached to the support. When surface seeding is used, nucleation on the

support surface is no longer necessary. Hence, the film growth is less sensitive

to the support chemistry. An elegant way to obtain a continuous layer of discrete

seed crystals is to use colloidal seed crystal sols as precursors. This approach

was introduced about ten years ago, and the pioneering work was performed by

our group [93-98] and the group of M. Tsapatsis [99-101]. Tsapatsis and

coworkers deposited the seed layer by immersing the support in the seed crystal

sol and then slowly remove it at a constant speed (also called dip-coating) [99-

101]. This procedure has to be repeated several times in order to obtain a

satisfactory surface coverage. They used the term “secondary growth” for the

subsequent growth of the seed crystals and film formation.

In the method presented by our group, the support surface is modified in order

to facilitate seed adsorption from a sol [69,73,93-97,102-107]. The seeds

attached to the support are subsequently grown in a synthesis gel under

hydrothermal conditions, ultimately forming a dense film. This technique is
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denoted the seed film method. Figure 4 shows the basic principle of the method.

Negatively charged colloidal molecular sieve crystals are electrostatically

adsorbed on supports pretreated to render the surface positively charged. The

pretreatment depends on the type of surface. Negatively charged surfaces are

charge modified by adsorption of cationic polymer molecules. Gold is sulfidized

in order to obtain a negatively charged surface prior to polymer adsorption. The

seed film method was utilized to prepare films of a number of molecular sieve

types such as MFI [94-95,98,102-103,105-106], LTA [97] and FAU [87,94] on

various dense supports such as vegetal fibers [93], carbon fibers [98], gold

[102], silicon [94,103], quartz [95,104-105], α-alumina [97] and stainless steel

[104]. The seed film method was also used to prepare continuous zeolite films

on porous α-alumina supports [69,73] and structured supports [107] which were

tested as membranes and catalysts, respectively. In summary, zeolite film

preparation by this method has proven to be very flexible. Several other methods

Figure 4. Principal steps in the seed-film method. The negatively charged
support (A) is treated with cationic polymer molecules which are
electrostatically adsorbed on the surface (B). Negatively charged seed crystals
are adsorbed on the charge-reversed surface in a subsequent step (C). The
seeded support is hydrothermally treated in a synthesis solution during which
the seeds are grown into a dense film (D).
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for the attachment of seed crystals to the surface have been reported, and some

examples will be given here. Zeolite Y films were synthesized on tubular α-

alumina supports using a seeding technique in which NaX zeolite crystals were

mechanically placed on the support surface prior to hydrothermal growth in a

synthesis solution [108]. The same seeding approach was utilized to synthesize

zeolite A and faujasite membranes [59]. A chemical interaction-based seeding

method was recently introduced by Ha et al. [109]. A silane coupling agent,

which has two functional groups, is used to covalently link seeds to the support.

In the first step, one functional group reacts with the support surface. In the

second step, the other functional group reacts with the seed surface. This seeding

technique was also adopted by other groups for the deposition of monolayers of

seed crystals for further growth into dense films [67,110].

A combination of surface seeding and the vapor phase method was proposed

by Tsay et al. [111]. A layer of colloidal MFI zeolite was deposited on a porous

support, pre-coated with a silica layer. The composite was heated under

saturated water vapor to obtain a zeolite film.

1.6.2 Texture in supported MFI films and effect on membrane performance

The effect of various synthesis parameters on crystal orientation in MFI films

has been investigated by several groups [103,112-113]. The coverage of seed

crystals [103,112] and the crystal size of the seeds [103] as well as the

composition of the synthesis solution [113] were found to play a crucial role in

the orientation of the crystals in the resulting film. The development of texture

in MFI films prepared by seeding was recently discussed in a review by

Hedlund and Jareman [114].

Preferred orientation of the crystals in MFI films is often developed due to

competitive growth [103,112-114]. During competitive growth, the crystals with

the fastest growing direction perpendicular to the surface will grow and

surrounding crystals with different orientations will eventually be overgrown by
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the faster-growing crystals. At the early stages of film growth, lateral growth of

the crystals must also be considered in the model, as pointed out by Bons and

Bons [115]. MFI crystals prepared with TPA as the structure directing agent, are

often coffin shaped with the fastest growing direction along the c-axis [67].

Hence, according to the competitive growth model, the development of a c-

oriented film is favored when randomly oriented seeds are grown in the presence

of TPA. If the film is synthesized by growth of b-oriented twin crystals attached

to the surface, an a-orientation of the crystals in the film will develop [103]. In

this case the a-direction of the twin crystal is perpendicular to the support

surface and these crystals can grow and form an a-oriented film. Lai et al.

managed to preserve the initial b-orientation of seed crystals without twins by

using trimer-TPA instead of the monomer TPA normally used for crystallization

of MFI [67,110]. The use of trimer-TPA enhanced the relative growth rate of the

b-direction of the seeds. Furthermore, the synthesis conditions for the

preparation of the seed crystals were fine tuned to avoid the formation of twin

crystals. The work by Lai et al. shows the importance of the structure directing

agent for control of growth rates and also preferred orientation of the crystals in

the film.

The orientation of the crystals in the MFI film is an important characteristic for

zeolite films and membranes. The diameter of the channels running along b is

slightly larger than the ones running along a (see section 1.1). In addition, no

channels run along c. Hence, the diffusion of molecules through the crystals in

the film should be dependent on crystal orientation. Jareman et al. determined

the intrinsic diffusion coefficient of He, N2, H2 and SF6 in masked MFI

membranes with varying orientation of the zeolite crystals [116]. As opposed to

lighter gases, the diffusion coefficient of SF6 was dependent on preferred

orientation, with a lower diffusivity for a more strongly a-oriented film. These

results were explained by the relatively narrow pores running in the a-direction

resulting in a lower diffusion coefficient for the bulky SF6 molecule. As
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discussed above, Lai et al. [67,110] prepared membranes with the b-axis

oriented perpendicular to the support surface. The membranes were evaluated

with xylene isomer separation experiments and high separation factors were

observed. The authors attributed this to the fact that the straight channels in this

case were oriented perpendicular to the membrane surface, allowing for faster

molecular transport. A faster transport of para-xylene molecules through the

membrane increases the separation factor if the transport of ortho-xylene (which

mostly permeate through defects) remains constant. Furthermore, a lower

density of defects such as cracks and open grain boundaries was mentioned as

possible factor contributing to the high membrane quality.

1.6.3 Supports for zeolite membranes

Zeolite films for membrane applications are in most cases grown on porous

supports for mechanical strength. The supports may be flat, tubular or multi-

channel monoliths. Due to the high mechanical strength and chemical and

thermal stability, α-alumina is most commonly used as support material. Other

materials such as γ-alumina [15], steel [117] and carbon [118] are also utilized.

Figure 5. A sketch of the cross section of a zeolite film synthesized on an

asymmetric porous support.
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The pores of the support must be sufficiently small to facilitate formation of a

continuous zeolite film. If the pores in the support are large, the support will 

have little mass transport resistance but a thick zeolite film is necessary in order

to close the pores, which would reduce the flux through the membrane. Small

pores allow the crystallization of a thin zeolite film but flux resistance is

introduced from the support itself. Asymmetric supports combine the positive

effects of small and large pores. A sketch of the cross section of an asymmetric

support is shown in Figure 5. The indicated dimensions are typical for the

samples studied in the present work. Such supports consist of two (or several)

layers with different pore sizes. The top layer is thin with small pores. The

bottom layer(s) have larger pores. Another advantage with asymmetric supports

is that no continuous film will form on the bottom of the support.

Preferably, the difference in the thermal expansion between the support and

the zeolite film should be small in order to minimize the risk of crack formation.

Hence, the thermal behavior of the support may influence the quality of the film

when the composite is exposed to temperatures deviating from the temperature

of film synthesis.

1.6.4 Deposits in the support pores during film synthesis

Important features of a useful membrane are high permeability and selectivity.

Synthesis of zeolite film on a porous support is often accompanied by the

formation of siliceous species within the pores of the support [119-124]. The

internal siliceous layer was shown to affect the membrane performance. Piera et

al. achieved higher MeOH/O2 and EtOH/O2 selectivity for MFI membranes with

a larger amount of zeolite inside the porous support [120]. However, the

permeation of N2 was much lower for membranes with intra-support layers than

for membranes where most of the zeolite existed as a thin layer on the top of the

support. Both flux and selectivity in the separation of n-butane/i-butane were

highly enhanced in ZSM-5 membranes where the internal siliceous layer was
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assumed to be both thinner and more crystalline [121]. The same group

describes a method to reduce the amount of deposits in the support pores by

carbonization of a mixture of furfuryl alcohol and tetraethylorthosilicate in the

support prior to MFI film synthesis [122-123]. Both flux and selectivity in n-

butane/i-butane separation experiments were improved by this treatment. Bernal

et al. synthesized MFI type films on tubular porous support by a direct synthesis

method [124]. By using different preparation procedures, the location of the

crystalline material on the support could be controlled (mainly as a film on top

of the support or in the pores of the support). n-Butane/i-butane separation

experiments showed a higher maximum selectivity for the samples which lack

of intra-support deposits. Kang and Gavalas grew MFI type zeolite inside the

pores of a α-alumina support and the resulting composite was tested in single

gas permeation experiments and in mixture separations (n-butane/i-butane)

[125]. Several growth steps were required for a good separation factor in the

mixture separation. Lai et al. [67,110] deposited a mesoporous silica layer,

which acts as a barrier for the formation of zeolite in the interior of the support.

Recently, a two-step masking procedure was developed [73]. The novel

procedure protects the support and inhibits the formation of zeolite (or siliceous

species) inside the support pores. A viscous polymer solution is applied on the

top surface of the support and this polymer forms a protective layer. In the next

step, the pores of the support are filled with molten wax. The polymer layer is

dissolved and the exposed surface is seeded. The seeded support is

hydrothermally treated in a synthesis solution during which the seeds are grown

into a dense film. The wax present in the pores of the support in the as-

synthesized membrane is removed during the calcination procedure. Masked

MFI membranes were compared with unmasked membranes [82]. It was

concluded that the membranes prepared on masked supports had higher

selectivity and permeance.
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The reason for the flux decrease observed as a consequence of intra-pore

zeolite growth should partly be due to an increased total thickness of the zeolite

layer which introduces additional mass transport resistance. In addition, the

effective membrane surface also decreases due to the relatively low porosity of

the support top layer. The combination of these two effects may thus reduce the

flux significantly.

1.6.5 Defects in zeolite membranes

1.6.5.1 Classification of defects

Defects in membranes have a negative impact on the separation performance.

Hence, it is of crucial importance to avoid formation of defects during synthesis

and activation. Pinholes are holes propagating through the entire film, and can

be avoided using suitable synthesis conditions [88]. Grain boundaries between

neighboring crystals are an intrinsic feature of a polycrystalline film. If open,

they will offer alternative pathways for the mixture to be separated and reduce

the selectivity and increase the permeance [60]. The grain boundaries may open

during calcination of as-synthesized membrane [15]. Cracks are possibly the

most troublesome defect type and are frequently found in activated membranes

[15,61,82-83,126-128].

1.6.5.2 Defect detection and characterization

Several techniques are used for the characterization of defects in zeolite

membranes. A common technique is SEM, which allows the visualization of

defects with a size greater than the resolution of the microscope at the surface of

the film [82]. The permeance ratios (ideal selectivities) between light inorganic

gases (H2, N2, He, SF6) are frequently used as a measure of membrane quality.

However, it was demonstrated that ideal selectivities are not reliable as a quality

measure [82] and should only be used to compare similar membranes tested

under identical conditions [82,129-130]. For the quality determination of MFI
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membranes, separation experiments of hydrocarbon isomer mixtures such as the

xylenes have also been used [82,67]. A recently developed technique is

permporosimetry [82,131]. In this method, the permeance of a light gas is

measured as a function of partial pressure of a condensable hydrocarbon in the

feed. With increasing partial pressure, the hydrocarbon will first block the

zeolite pores and at higher partial pressure also gradually condense in the defects

and block these. Consequently, the permeance of the light gas will drop. Based

on the data extracted from such experiments the size distribution and amount of

defects can be determined [116,129,132]. A major advantage of

permporosimetry over mixture separation experiments for defect

characterization is that the technique is insensitive to the membrane pore size

(i.e. zeolite type). Fluorescence Confocal Optical Microscopy (FCOM) was

recently introduced as a tool for defect detection in MFI membranes [133]. The

impregnation of various defects, such as open grain boundaries and cracks, with

a fluorescent dye allows their detection and direct imaging along the thickness

of the film. Hence, this technique offers a non-destructive imaging of defects in

the membrane interior, which is not possible with conventional microscopy

techniques.

1.6.5.3 Defect formation mechanisms

Activation of zeolite membranes at high temperature often results in the

formation of defects. Geus and van Bekkum, early suggested that the thermal

expansion mismatch between the support and the film was responsible for crack

formation in MFI membranes [14]. Dong et al. [15] performed an HT-XRPD

study on TPA-MFI films synthesized on porous α-alumina supports and Yttria-

Zirconia (YZ) supports. The film prepared on the α-alumina support was shown

to be of higher quality after calcination, compared to films synthesized on YZ

supports. The authors proposed the following model for the observed quality

differences: The crystals in the MFI film are not well-adhered to the YZ support
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after synthesis. During template removal, the MFI structure shrinks. As the

crystals are not firmly bonded to the support, they are free to move on the

surface and remain in good contact. During a 6 h isotherm at 450 °C, chemical

bonds are formed between the support and the film. Consequently, the film

experiences a large compressive stress due to the constrained cooling (expansion

of the film and contraction of the support) with crack formation as a result. For

the α-alumina supported film on the other hand, the authors propose that the

film is chemically bonded to the support after synthesis. The bonds to the

support are stronger than between crystallites and the tensile strain imposed on

the film during template removal, due to the difference in thermal expansion

between the phases, is released via formation of open grain boundaries rather

than cracks.

The model proposed by Dong et al. [15] does however not explain the

occurrence of cracks in calcined α-alumina supported MFI membranes

[15,61,83,126-128].

The orientation of the MFI crystals in the film was early recognized as an

important factor for crack formation in silicalite-1 films [134]. den Exter et al.

[134] studied silicalite-1 films prepared on dense silicon wafers containing

silicon nitride windows that were removed after film synthesis, leaving the

silicalite-1 film locally non-supported. Hence, the stress induced in the layer due

to structural changes in the calcined material could be studied. According to

XRD data, the crystallites constituting the films were (a, b)-oriented. Derived

from crystallographic data [135] for as-synthesized and calcined silicalite-1, the

authors reported that the change in the unit cell dimensions after calcination (ex-

situ data) was –0.71, +1.05 and –0.105 % for the a, b and c axes, respectively.

Based on these values and a quantitative estimation of a-and b-oriented

crystallites in the film, the calcined crystal layer would show an expansion with

respect to the as-synthesized film. In fact, a curving of the calcined crystal layer
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was observed. The cracks observed in the film were attributed to the

compressive stress in the calcined layer.

1.6.5.4 Methods to avoid crack formation during calcination

In early work, it was suggested that the calcination of supported MFI

membranes should be performed at a temperature and heating rate not higher

than 400 °C and 1°C/min, respectively [14]. It was shown that higher calcination

temperature was not necessary to remove the template from the MFI structure,

and would therefore only lead to increased thermal stress and crack formation.

No explanation was however given for the recommended use of a slow heating

rate. In later work, Jareman et al. studied the effect of heating rate on the quality

of calcined MFI membranes (0.2-5 °C/min) with a film thickness of 500 nm

[136]. No correlation between heating rate and quality was observed. In fact,

cracks in MFI membranes have been observed after calcination with

heating/cooling rates as low as 0.2-0.5 °C/min [82 and 110, respectively]. A

potential factor for crack formation related to the heating rate is the presence of

thermal gradients that possibly could form within the composite for high heating

rates. However, such effects were not observed by Jareman et al. [136].

Some research groups presented alternative methods to conventional high-

temperature calcination [25,26]. In a resent work, TPA-MFI membranes were

treated with ozone at low temperature (200 °C) to remove the template

molecules [25]. The membranes were also subjected to a temperature program

normally used for calcination. The normal procedure caused cracks, while no

cracks were found in membranes treated with ozone at moderate temperatures.

Li et al. used a UV-ozone treatment at near-room temperature (local sample

temperature ca 40-50 °C) to remove the template molecules (TPAOH) from thin

MFI films [26]. FT-IR spectroscopy data confirmed the complete removal of the

template. No cracks were observed by SEM in the films after template removal.
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In some work, template-free synthesis procedures were employed for the

preparation of MFI films and membranes [69,137-138]. Hence, no post-

synthesis calcination was necessary to render the pores accessible to guest

molecules.

Lai et al. [67] deposited a layer of mesoporous silica on the support prior to

MFI zeolite film growth. These membranes showed excellent performance in

xylene isomer separation, as already discussed in section 1.6.2. This was partly

attributed to the presence of the silica layer which was claimed to eliminated

stress-induced crack formation during calcination.

1.6.5.5 Defect reparation

A possible approach to minimize the effects of defects is to repair them. Yan et

al. substantially increased the n-butane:i-butane ideal selectivity of a ZSM-5

membrane by a selective coke formation procedure that closed defects. The

authors speculated that the intra-crystallite pores of the membrane were

unaffected [123]. However, the increased selectivity was accompanied by a

substantial flux decrease. Nair et al. sealed cracks in a MFI membrane with

silica which substantially improved the membrane performance in xylene isomer

separation experiments [60].

1.7 Description of principal characterization methods

This section will briefly present some of the characterization methods used in

the present work.

1.7.1 Scanning Electron Microscopy (SEM)

SEM played a central role in the characterization of the films and membranes.

The grain boundaries are readily observed with SEM which allows the

determination of the approximate crystal size. The thickness of the films was
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estimated from side view SEM images. Top view images allowed the detection

of surface defects such as cracks, pinholes and unclosed films.

1.7.2 Permeation measurements

Permeation measurements with various probe molecules were used to estimate

the quality (i.e. the presence/absence of defects) and the separation performance

of the membranes. A perfect zeolite membrane acts as a barrier for molecules

larger than the pores of the zeolite. Consequently, a measured flow through the

membrane of molecules considerably larger than the pores of the zeolite is a

direct proof of defects.

Polar molecules (such as water and ammonia) are strongly adsorbed in the

zeolite pores, especially in zeolites with low Si/Al ratio. After drying in room

air, such molecules block the pores of the zeolite. Furthermore, capillary

condensation of water in defects in the mesopore range is also expected to occur

under these conditions. The permeation of a weakly adsorbing gas such as He

through a membrane which was dried under ambient conditions should therefore

mainly occur through large defects not blocked by condensed water.

In the work presented in this thesis, the membranes were characterized by

single gas permeation experiments as well as by mixture separations. In the

former, a transmembrane pressure was employed as the driving force for

diffusion through the membrane. In the latter, a Wicke-Kallenbach setup

(section 1.5) was used.

1.7.3 X-ray Powder Diffraction (XRPD)

Powder diffraction can be used for qualitative/quantitative phase analysis,

structure solution/refinement, determination of microstructure parameters

(crystal size and microstrain) and texture analyses. In the work presented in this

thesis, XRPD was used for identification of prepared materials, in-situ studies of
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structure changes during calcination (paper V-VII), preferred orientation

analyses (paper II, VII) as well as the preparation of crystallization curves

(paper II). In the work described in paper VI, the apparent activation energy was

calculated for the decomposition of the template in TPA-silicalite-1 using non-

isothermal kinetic analysis methods of HT-XRPD data.

XRPD was of great importance for the work behind this thesis, and will

therefore be discussed thoroughly in the following sections.

1.7.3.1 The Braggs law and the intensity of the diffracted beam

The phenomenon of diffraction was first described in 1912 by Sir W.L Bragg

in terms of simultaneous reflection of the X-ray beam by lattice planes which

belong to the same family. If θ is the angle between the primary beam and the

family of lattice planes with Miller indices hkl and dhkl is the interatomic

distance (in ångström) of that family of planes, diffraction will occur at angle θ

if the following relation holds (Braggs law);

θλ sin2 hkldn = (1.2)

where n is an integer, set to 1 in experiments with a monochromatic beam.

In XRPD, the intensity of the diffracted beam from a powder can be recorded

as a function of the scattering angle (2θ) (angular dispersive methods) or at a

fixed angle using a polychromatic beam (energy dispersive methods). This

results in a powder diffraction pattern (i.e. a set of diffraction angles or energy

values converted into d-spacings), also called a diffractogram. The diffraction

pattern is unique for each crystalline material. Hence, a qualitative analysis is

thus possible simply by matching the observed pattern with the patterns of

known structures from a database. However, this is not trivial in those cases

where the sample is a mixture of crystalline materials.

The intensity of the diffracted beam from a lattice plane hkl at Bragg angle θ

can be described by the following equation;
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2

hklhklhklhkl FPLpAkI ⋅⋅⋅⋅= (1.3)

where k is a constant related to the instrumental setting, A is the absorption

factor, Lp is the Lorentz-polarization factor, P is the multiplicity factor and F is

the structure factor. The intensity of the diffracted beam of a crystalline phase in

a mixture is directly proportional to its weight fraction. Hence, XRPD is a

powerful technique for quantitative phase analysis. Reflection does not only

occur at the Bragg angle, but also at slightly deviating angles due to instrumental

and sample broadening effects (further discussed in the next section). This

results in intensity versus 2θ curves which are called diffraction peaks. The

integrated area of the peak is statistically more convenient to use for quantitative

phase analysis.

The absorption factor A of the incident and reflected X-ray beams is dependent

on many factors such as the geometry used for the experiment (reflection vs.

transmission), the wavelength λ and the linear absorption coefficient of the

sample.

The use of non-polarized X-ray beams has an effect on the reflected beam

intensity according to:

( )θ2cos15.0 2+=pf (1.4)

Trigonometric factors influencing the intensity of the reflected beam are

combined in the Lorenz factor:

( )θθ cossin4
1

2 ⋅
=Lf (1.5)

The combination of fP and fL results in the Lorentz-polarization factor;

( )
( )θθ

θ
cossin

2cos1
2

2

⋅
+=Lp (1.6)

and the constant 1/8 is included in the proportionality factor k (which involves

some instrumental parameters and is constant for a certain experimental setup).
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Depending on the crystal symmetry, the reflected beams from some planes

may superimpose, resulting in a diffraction peak with higher intensity than if it

resulted from a single plane. This intensity increase is taken into account by the

multiplicity factor P.

The structure factor F is the key factor, which rules the interaction of X-rays

with crystals and contains the structural information. The structure factor can be

described by the following equation;

[ ] 2/12222 )()( −− += n
M

nnn
M

nnhkl BepfAepfF (1.7)

where n is the number of scattering atoms in the asymmetric unit; fn is the

scattering factor of the n-th atom of the asymmetric unit occupying the lattice

position (xn, yn, zn); An and Bn are the geometrical structure factors which are a

complex function of (h,k,l) and the lattice positions (xn,yn,zn) of the scattering

atoms in the asymmetric unit; Pn is the so-called site multiplicity which is the

number of the n-th atoms of the asymmetric unit in the crystallographic unit cell;

M is the Debye-Waller temperature factor of the n-th atom of the asymmetric

unit occupying the lattice position (xn,yn,zn).

The atomic scattering factor (fn) depends on the atomic number of the element

as well as θ and λ. The scattering efficiency decreases with increasing sinθ and

decreasing λ. The thermal vibrations of the atoms in a crystal affects the peak

intensity, which is considered in the temperature factor M commonly expressed

as;

2

2sin
λ

θ
bM = (1.8)

where b is a complex function which takes into account that the thermal motion

of an atom and the consequent displacement from its lattice point is dependent

on the chemical environment (i.e. nature of atoms in neighboring sites) as well

as the crystal structure. Consequently, each atom in the asymmetric unit has its

own temperature factor.
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1.7.3.2 Peak broadening

The observed diffraction line profile, h(x), is the result of the convolution of

the instrumental profile, g(x) (which includes aberrations introduced by the

diffractometer and wavelength dispersion), and the sample profile, f(x,) in

addition to the background. The instrumental profile is fixed for a particular

instrument/target system. The contributions to the width of the specimen

function include the Darwin width (which is simply the result of the uncertainty

principle) and possibly the size of the crystallites and microstrain. Peak

broadening can be characterized by the integral breadth β, which is the width of

a rectangle having the same area and height as the peak. According to Scherrer

[139] the peak broadening due to crystallite size, expressed as the integral

breadth βsize, is;

cossize
vD

λβ
θ

= (1.9)

where Dv is the volume-weighted domain size, λ is the wavelength and 2θ is the

Bragg angle. For spherical crystallites, the broadening due to size is isotropic

(i.e. independent on crystallographic direction). Microstrain also broadens the

specimen profile according to [140];

4 tanstrainβ ε θ= (1.10)

where ε represents the upper limit of microstrain. Microstrain is the result of

variation in interatomic distances due to internal stresses or non-stoichiometry,

micro-twinning, stacking faults, dislocations and other forms of atomic disorder.

1.7.3.3 Microstructure analysis

The presence of sample broadening is easily confirmed by plotting the Full

Width at Half Maximum (FWHM) versus 2θ for the sample profiles as well as

the profiles from a standard reference material (which show no sample

broadening and thus represents the instrumental broadening). If the instrumental
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broadening is sufficiently small, so that the sample broadening due to size

and/or microstrain is a significant part of the total, information about the

microstructure can be extracted by Line Profile Analysis. Generally, the first

step is performed by pattern decomposition which involves the fitting of

analytical reflection profile functions (φ) [141] to the various identified Bragg

reflections without reference to a crystal structure model [142]. Frequently, the

experimental profiles are modeled as Voigtian, which means that the shape is an

intermediate between Lorentzian and Gaussian (the Voigt, the pseudo-Voigt and

the Pearson VII functions belong to this category). Profile fitting gives the

position, intensity, width and shape of individual reflections. However, the

observed profile broadening must be corrected for the contribution from the

instrument. In the second step, the information extracted from pattern

decomposition is used to estimate the crystallite size and shape as well as the

strain [143].

As a first approximation of the nature of the sample broadening, the method of

Williamson and Hall [144] can be used. In this method, the “size” and “strain”

contributions to the sample profile breadths are separated on the basis of their

order dependence. Size broadening is order independent while strain broadening

is not. Under the assumption that the integral breadth due to size and strain are

Lorenzian, the following holds:

size strainβ β β= + (1.11)

Combining equation (1.9), (1.10) and (1.11) gives;

* *1
2

v
d

D
β ε= +

(1.12)

where
λ

θββ cos* = and
λ

θsin2* =d . A plot of β* versus d* results in the so-called

Williamson-Hall plot. The intercept gives an estimate of Dv and the slope is a

measure of ε.
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A major drawback of this method is that it is based on the approximation that

the line profiles due to size and strain are Lorentzian which is unlikely to occur

in practice. Nevertheless, the method gives valuable information about the

nature of any structural imperfections in the sample and hence the procedure to

be used in a subsequent detailed analysis [143,145].

1.7.3.4 The Rietveld method

About thirty years ago, Hugo Rietveld proposed a revolutionary method for

extraction of structure information from powder diffraction data [146-147]. The

method is appropriately called “The Rietveld method” and has become a

powerful tool for crystallographers [148]. In the Rietveld method, all factors

contributing to the intensity yi at point i in the powder pattern may be

simultaneously refined by a least-square procedure until the best fit is obtained

between the entire observed powder diffraction pattern and the entire calculated

pattern. Since the method is a structure refinement procedure, a reasonably good

starting model is required. The strength of the method is that no effort is made to

resolve overlapping peaks.

The quantity that is minimized by the least-square procedure is the residual Sy

which is defined as [149];

( )21
y i ci

i
S y y

y
= − (1.13)

where yi and yci is the observed and calculated intensity at the i th step,

respectively. The sum is over all data points in the powder pattern. The

calculated intensity at point i (yci) is determined according to [149];

( ) 2

,,,,,
,

22 hklJhklJhklJihklJhklJ
hklJ

Jbici FOPLpsAyy ⋅⋅−⋅⋅⋅+= θθφ (1.14)

where ybi is the background intensity, J,hkl denotes the Miller indices for the

Bragg reflection hkl of phase J, sJ is the scale factor for phase J and Ohkl is the

preferred orientation function. Preferred orientation of the crystallites results in
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a higher diffraction intensity of the preferentially oriented planes with respect to

the intensity of the same planes in a randomly oriented sample. In thin film

analysis, a large deviation of the relative intensities of the diffraction peaks from

a randomly oriented powder may give indications of preferred orientation of the

sample crystallites. Effects of preferred orientation can be accounted for by

models of different complexity. The most frequently used models are the

expression of March [150] revised by Dollase [151] and the spherical harmonics

[152]. In this work, the March-Dollase model was used to evaluate the preferred

orientation in a MFI film.

The model parameters that may be refined include not only the structure (atom

positions, thermal and site-occupancy parameters) but also parameters for the

background, lattice constants, instrumental geometrical-optical features,

specimen aberrations, scale factor and peak broadening due to the sample

microstructure. Multiple phases may be refined simultaneously and based on the

refined scale factor for each constituent, the composition of the mixture may be

calculated. The scale factor for component J in a polyphasic mixture (sJ) is

proportional to the weight fraction of that component in the mixture (wJ)

according to;

=

k
kkk

JJJ
J VMs

VMs
w

(1.15)

where MJ and VJ is the unit cell mass and volume, respectively. The sum is over

all crystalline components (k) in the mixture. However, as this algorithm is

based on the normalization equation 1=kw , the presence of an amorphous

component leads to an overestimation of the weight fractions. However, the

problem can be resolved by adding a known amount of internal standard which

is considered as a component itself [147,153-159]. The refined weight fractions

of the sample crystalline components can then be rescaled with respect to the

added standard.
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1.7.3.5 In-situ X-ray Powder Diffraction

X-ray powder diffraction data collected in-situ at non-ambient temperatures,

i.e. High Temperature (HT) XRPD, is a powerful tool in studies of temperature

induced structure changes such as phase transformations, phase transitions,

crystallite growth and thermal expansion. Another important application of HT-

XRPD is kinetic analysis, which will be further discussed in section 1.8. The

instrument can be a conventional X-ray diffractometer equipped with a heating

chamber and a high-speed detector such as a Position Sensitive Detector (PSD).

However, due to the low brightness of in-house X-ray sources, long data

collection times are required to obtain adequate data for structure refinements.

Consequently, the time resolution is strongly limited and structure changes due

to fast reactions become difficult to study. In addition, weakly scattering

samples (such as zeolites) and small sample volumes (such as thin films) further

reduce the possibilities with in-house instrumentation. In such cases, a

synchrotron source may be necessary. The main advantage of synchrotron

radiation is the high brightness, which allows the collection of full powder

patterns in seconds. Furthermore, the resolution is considerably higher which

provides more detailed structural information including the possibility of line

broadening analyses, which gives information regarding the microstructure

(crystallite size and strain) of the sample.

1.8 Kinetic analysis

Kinetic analysis using HT-XRPD data can be used for calculation of empirical

coefficients which give indication about the reaction mechanism (generally

interface or diffusion controlled reaction) and the rate limiting step of the

reaction. The Arrhenius parameters, i.e. the apparent activation energy Ea of the

reaction and the frequency factor A (also called pre-exponential factor), can be

determined. The rate of reaction is followed by the conversion factor  α, a
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normalized factor proportional to the integrated intensity of diffraction peaks

whose variation is in turn proportional to the advancement of the reaction. Such

an effect can be the growth or disappearance of a peak as a function of

temperature at a constant heating rate (non-isothermal kinetic analyses) or time

at a constant temperature (isothermal kinetic analyses).

In this work, non-isothermal kinetic analyses were performed for the template

removal reaction in silicalite-1 (Paper VI). Therefore, the following paragraph

will give a short theoretic background to non-isothermal kinetic analyses [160].

In addition, the methods used for the kinetic analysis presented in paper IV will

be described.

The rate of the kinetic process can be expressed as;

( )αα
kf

dt

d = (1.16)

or in the integrated form;

( ) ktg =α (1.17)

where α is the conversion factor, k is the rate constant, ( )αf is the kinetic model

function which depends on the mechanism of the reaction and g(α) is the

integral of ( )αf

1 . There are many different kinetic model functions that describes

solid state reactions [160]. However, the most frequently used function for

nucleation and crystal growth in solids was first formulated by Avrami [161],

and can be written in the following form:

( ) ( )[ ]ng
1

1ln αα −−= (1.18)

The value of n depends on the mechanism and dimensionality of nucleation and

growth. For an interface-controlled growth n is an integer, for a diffusion-

controlled growth n takes either integer or half-integer values. Many methods,

such as the one proposed by Kissinger [162] (see below) for kinetic analysis

were derived especially for the Avrami equation.
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The reaction rate is temperature dependent and is assumed to follow the

Arrhenius equation;

−=
RT

E
Ak aexp (1.19)

where T is the absolute temperature, R is the gas constant, aE is the apparent

activation energy of the reaction and A is the frequency factor. Non-isothermal

data is collected during a constant change in temperature. Hence, the

temperature at any point during heating/cooling can be written as;

0TtT += β (1.20)

or in the differentiated form;

dtdT β= (1.21)

where T0 in equation (1.20) is the reaction onset temperature.

Various expressions can be derived from the above equations. One that forms

the basis of many kinetic analysis methods can be derived by combining

equations (1.16), (1.19) and (1.21), integrating and substituting
RT

E
X a= ;

( ) dXX
R

AE
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d
g

X
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Xa e 2
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−−==
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α
(1.22)

where

( ) dXXXp
X

X

X

e 2

0

−−= (1.23)

( )Xp is called “the temperature integral” and can not be integrated analytically.

Commonly used approximating formulas for ( )Xp are those proposed by either

Doyle [163] or by Murray and White [164].

Two main analysis approaches exist: i) the determination of the kinetic model

function which best describes the experimental data, followed by calculation of

the kinetic parameters. ii) so-called “isoconversional” methods which allow the

determination of the kinetic parameters without a prior knowledge of the kinetic

model function. Such methods consider points of the same α on several α versus
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T-curves, collected at various heating rates, so that f(α) has identical magnitude

and can be cancelled out.

Many kinetic models may provide a similar description of the reaction process

but the calculated kinetic parameters can differ significantly. Therefore, the

determination of the appropriate kinetic model is facilitated if the value of Ea is

determined first using isoconversional methods [165].

The apparent activation energy (Ea) of the template decomposition in silicalite-

1 was calculated (Paper VI) using the following methods for kinetic analysis of

non-isothermal data; i) the Kissinger method [162], ii) the method of Flynn-

Wall-Ozawa [166-167] and iii) the method proposed by Kennedy and Clark

[168]. According to Kissinger [162], the slope of a plot of ln (β/Tp
2) versus 1/Tp

is proportional to Ea according to the following equation;

(1.24)

where β is the heating rate, Tp is the temperature (expressed in Kelvin) at which

the reaction rate is maximum, R is the molar gas constant and k is the rate

constant. The method of Flynn-Wall-Ozawa is based on the Doyle’s

approximation of the temperature integral:

(1.25)

Under the assumption that the kinetic model function is invariant for all the runs,

a plot of lnβ versus 1/T for a chosen value of α should be a straight line with a

slope proportional to Ea.

According to the method of Kennedy and Clark [168], the following relation

holds:

(1.26)
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A plot of the left side of equation (1.26) versus 1/T should result in a straight

line with the slope proportional to Ea. Kennedy and Clark [168] also showed that

equation (1.27) can be used for the determination of the parameter n in the

Avrami equation;

(1.27)

where h(α) is (-ln(1-α)). For a fixed temperature, α is determined for various

heating rates. Since the quantity ( ) −
RT

E
An aln is constant at constant T, a plot of

ln (h(α)) versus −
β

0ln
TT will have gradient n.

( ) −+−=
β

α 0ln)ln()(ln
TT

n
RT

E
Anh a
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2. AIM OF THIS WORK

The seed film method has been developed for the preparation of thin

continuous molecular sieve films on various supports [169]. The first part of this

work aimed at the development of the method for films of other zeolite types. A

further objective was to utilize template free precursor gels in order to avoid a

calcination procedure which might introduce defects in the film. During the

course of the work, cracks were however frequently encountered in the

synthesized films. No clear model for crack formation in zeolite films was found

in the literature, and the second part of this work was therefore devoted to this

issue. TPA-MFI films supported by porous α-alumina discs were chosen for the

investigation since previous work by our group demonstrated that the

reproducibility was high in this system and that defective as well as defect-free

membranes could be prepared. In addition, this system is well characterized by

our and other groups and also very interesting from an industrial point of view.
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3. EXPERIMENTAL

3.1 Zeolite film synthesis

The films and membranes characterized in this work were prepared according

to the seed-film method [169]. The method is described in section 1.6.1 (Figure

4). In the first step, the support is immersed in a solution containing cationic

polymer molecules (0.4 wt% Redifloc 4150, Eka Chemicals). In the second step,

the support is treated in a sol containing colloidal zeolite crystals. The result of

this procedure is a layer of seed crystals attached to the support surface.

The seed crystals were synthesized using a method developed by our group

[21]. Clear homogeneous solutions were hydrothermally treated in the presence

of organic additives. After completion of the crystallization, the crystals were

purified by repeated centrifugation followed by redispersion in a dilute ammonia

solution to obtain a seed sol. The dry content was adjusted to 1.0 wt% and the

pH to 10.0.

Following seeding, the support was hydrothermally treated in a synthesis

mixture in order to grow a dense zeolite film. The compositions of the synthesis

mixtures for the preparation of the films in this work are reported in Table 1,

together with the size of the seed crystals.

Table 1. Molar composition of the zeolite synthesis gels.

Topology of films
and seeds

Seed
size (nm)

Molar composition of synthesis gel Paper

FAU 70 14Na2O:Al2O3:10SiO2:798H2O I-II

MFI 120 30Na2O:Al2O3:100SiO2:4000H2O III

LTA 140 2Na2O:Al2O3:2SiO2:35H2O IV (S1)

LTA 140 4.3Na2O:Al2O3:2.5SiO2:111H2O IV (S2)

MFI 60 3TPAOH:25SiO2:1500H2O:100EtOH V-VII
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During growth of films of FAU (paper I-II) and LTA (paper IV), the gel

separated in a clear upper part and a turbid lower part. An exception is the

synthesis gel S2 used for the preparation of LTA membranes, where no

separation occurred. The film growths were carried out in the clear top part if

not stated otherwise.

In the preparation of FAU and LTA films (paper I-II and IV, respectively)

synthesis parameters such as time and temperature were varied in order to

control the thickness and quality of the films. The growth of FAU type films

(paper I-II) was carried out both in the turbid and clear part of the synthesis

mixture. For the preparation of LTA membranes (paper IV), a so-called repeated

synthesis was also performed where fresh synthesis solution was added

periodically to the cooled and rinsed samples.

The FAU films presented in paper I-II, were synthesized on polished α-

alumina supports. In later work, porous α-alumina asymmetric discs with a

thickness of 3 mm were used as supports (Inocermic GmbH, Germany), see

Figure 5. The top layer was 30 μm thick with an average pore size of 100 nm.

The MFI film used for the synchrotron diffraction experiment, presented in

paper VII, was prepared on a slice (20×3×1 mm), cut from the original

asymmetric α-alumina disc.

To avoid adsorption of dust particles on the supports, all solutions (for rinsing

and surface charge modification) as well as the seed sol were filtered in the later

work (papers III-V, VII).

3.2 Instrumentation

3.2.1 General

The thickness and morphology of the films were investigated using a Philips

XL 30 Scanning Electron Microscope (SEM) equipped with a LaB6 emission
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source. Furthermore, an Oxford Ge X-ray detector attached to the SEM was

used to determine the Si/Al ratio of a few samples by energy dispersive X-ray

analysis (EDX). Due to the relatively large sampling area for the EDX

technique, the determination of the Si/Al ratio in the films prepared on α-

alumina supports was not possible due to the low film thickness (i.e. interference

by the Al signal from the support material). Hence, such analyses were restricted

to powders.

A Siemens D5000 powder X-ray diffractometer were used for X-ray Powder

Diffraction (XRPD) data collection at room temperature.

A TEM analysis was performed on the MFI coated α-alumina support

subjected to the SR experiment. The support surface was delicately grinded, and

the resulting powder was deposited on a Cu grid. Bright field TEM images were

recorded using a JEOL JEM 2010 instrument operating at 200 kV equipped with

a Link energy dispersive X-ray spectrometer and a Gatan energy filter.

3.2.2 Permeation measurements

The membranes were dried at 100 °C (Paper III) or at room temperature (Paper

IV). Such mild drying is not expected to activate the zeolite pores, as discussed

in the introduction. Following drying, the membranes were mounted in a

stainless steel cell and a rubber o-ring was used to obtain a gas tight connection.

Single gas permeation measurements were performed at room temperature

with a feed gas applied at 5 bar absolute pressure (Paper III-IV). The permeate

pressure was kept at 1 bar absolute pressure. The permeance was calculated

from the measured flow of the permeate.

Permeation measurements for gas mixtures were performed using a Wicke-

Kallenbach apparatus (Paper III). Helium was used as sweep gas. The

membranes were mounted in a stainless steel cell equipped with graphite

gaskets. The pressure was kept at 1 bar on both sides of the membrane. The

temperature in the membrane cell was monitored during measurements. An
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online connected gas chromatograph (GC) equipped with a thermal conductivity

detector (TCD) and a flame ionization detector (FID) was used for quantitative

analyses of the gas mixtures.

3.2.3 High Temperature X-ray Powder Diffraction (HT-XRPD)

3.2.3.1 TPA-MFI powder

The HT-XRPD data from the TPA-MFI powder (Paper VI and VII) were

collected using a Panalytical θ/θ diffractometer (Cu radiation), equipped with an

Anton Paar HTK 16 resistance heating chamber and a RTMS X’Celerator. Four

different heating rates were used (3, 5, 10 and 20 °C/min). Data were collected

with 50 °C steps during heating up to 500 °C. This temperature was held for 1 h

during which data was collected every 15 min. For the heating rate 10 °C/min,

data was collected also during cooling and during a second heating/cooling

ramp. The data acquisition time for each experimental point was 3 minutes. All

experiments were performed in air. The use of a standard silicon powder

(NIST640c) directly mixed in the MFI powder allowed to determine the

absolute cell parameters at each investigated temperature and correct for thermal

expansion of the sample holder.

3.2.3.2 TPA-MFI membrane

A MFI coated α-alumina support as well as a non-coated support were

investigated in-situ using the same in-house instrument as the one used for the

powders (see previous section). The sample temperature was calibrated using

known phase transitions. The temperature induced vertical shift of the sample

holder was calibrated using the thermal expansion of a standard silicon powder

(NIST640c). The samples were investigated during heating up to 500 °C as well

as during cooling back to RT, with a heating/cooling rate of 3 °C/min.

Diffraction data was collected every 50 °C in the range 23-45 °2θ.
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A MFI film prepared on a porous α-alumina support with the dimensions

20×3×1 mm, was investigated using in-situ powder diffraction data collected at

the Italian beamline BM08 (GILDA) at the European Synchrotron Radiation

Facility (ESRF), Grenoble (France). The beamline configuration is described in

detail by Meneghini et al. [171]. The specific experimental setup used in this

work is shown in Figure 6. The sample was mounted in a metal tube with an

inner diameter of 3.5 mm. After sample insertion, the end of the tube was sealed

and the holder was mounted on a goniometric head. A hole (1 mm high and 12

mm width) in the tube allowed the SR beam to hit the sample, oriented with the

zeolite membrane faced down, from the side (Figure 6). The sample was heated

using a hot air stream generated by a heating gun placed vertically under the

sample. Data collection was accomplished in parallel beam Debye geometry

Figure 6. A sketch of the experimental set-up for HT-SRPD (see text for
details).
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using a monochromatized fixed wavelength of 1.0405 Å, calibrated using a

standard. During heating, the temperature was monitored with a thermocouple 

positioned about half a mm below the sample. A heating/cooling gradient of 3

°C/min was applied. Full diffraction rings were recorded every 50 °C ± 3° with

an exposure time of 2 min using an image plate (IP) detector mounted

perpendicular to the incoming beam. The images stored in the IP were recovered

using a Molecular dynamics scanner. The part of the image which corresponds

to the diffracted X-rays from the planes parallel to the support surface was

extracted using specific software (FIT2D).

3.3 Data evaluation

3.3.1 Kinetic analysis of TPA decomposition in MFI

The conversion factor α for the template decomposition in TPA-MFI powder

was calculated according to;

(3.1)

where Ic
T is the sum of the 101/011 and the 200/020 diffraction peak areas

divided by two at temperature T and Ic
max corresponds to the maximum value of

Ic.

The apparent activation energy (Ea) of the template decomposition in silicalite-

1 was calculated using the Kissinger method [162], the isoconversional method

of Flynn-Wall-Ozawa [166-167] and the method proposed by Kennedy and

Clark [168]. These methods were described in section 1.8. In the present work,

the Avrami equation [161] was used as the kinetic model function f(α) (see

section 1.8). The reaction order (n) for the Avrami equation was determined

according to equation (1.27) [168]. Several plots, using different temperatures,

were drawn in order to have several estimates of n.
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3.3.2 Rietveld refinements

Rietveld refinements (Paper V-VII) of the XRPD patterns were carried out

using GSAS [172]. The structure model reported by van Koningsveld [24]

derived from single crystal XRD data was used in the refinements of the MFI

phase. The structure model for the α-alumina was taken from a publication by

Ishizawa et al. [173]. For all refinements, the atom positions and the thermal

parameters were kept fixed at the literature values. However, the occupancy of

the atoms in the TPA molecules present in the as-synthesized MFI structure was

refined. The background, scale factor and some profile parameters were refined

together with the cell parameters and the zero shift. The use of an internal

standard with a known thermal expansion coefficient allowed to determine the

absolute cell parameters of the investigated phases. In the case of the MFI

powders and the α-alumina support, the internal standard was a Si powder. For

the MFI film, the α-alumina support was used.

The preferred orientation of the crystals in the MFI film was refined using the

March-Dollase model implemented in GSAS [172].

The template removal could be followed using the refined site occupancy of

the atoms in the template molecules during heating of the TPA-MFI film. For

the TPA-MFI powder systematically investigated in Paper VI, the template

decomposition was followed by another approach: The powder was considered

to be a mixture of TPA-MFI and HMFI which were refined as two separate

phases. In these refinements, only the background and the scale factors were

modeled. Based on the refined scale factors, the weight fractions of the phases

were calculated (equation (1.15)).

3.3.3 Calculation of strain

The refined unit cell parameters of the phases in the MFI membrane (Paper V

and VII) where based on data collected from planes parallel to the film surface

and should therefore mirror the d-spacings of these planes. Consequently, the
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out-of plane strain (i.e. the strain in the direction perpendicular to the film

surface) along different crystallographic directions l of the crystallites in the

composite could be calculated at each investigated temperature T using the

following equation;

T
reference

T
reference

T
membrane

l

ll
strain

)( −
= (3.2)

where MFI powder and a blank α-alumina support were used as references (i.e.

represent the non-strained bulk lattice).

3.3.4 Line broadening analysis

Synchrotron radiation powder diffraction data collected in-situ for the MFI

membrane (see section 3.2.3.2) was used to investigate the peak broadening of

the α-alumina support by pattern decomposition. The pseudo-Voigt function

(pV) was used to fit each peak. The function is defined as the weighted sum

between a Lorentzian (L) and a Gaussian (G) curve according to;

( ) ( ) ( )2 (1 ) 2 2pV G Lθ η θ η θ= − + (3.3)

where η is the so-called mixing parameter. The pseudo-Voigt mimic the

behavior of the Voigt function (the convolution of a Lorentzian and a Gaussian

function), with the advantage of being mathematically more simple. The refined

values of the integral breadth (β) and the mixing parameter (η) are used in the

subsequent analysis.

The integral breadth of the Lorenzian (βL) and Gaussian (βG) components of

the Voigt function corresponding to the pV function can be determined

according to the following empirical formulas [174]:

20.017475 1.500484 0.534156L

pV

β η η
β

= + − (3.4)

( )1/ 2 20.184446 0.812692 1 0.998497 0.659603 0.44542G

pV

β η η η
β

= + − − + (3.5)
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The microstructural information contained in the integral breadth of a measured

peak profile h(2θ) is usually mixed with instrumental effects g(2θ). A

deconvolution of those effects is necessary to obtain the pure microstructure-

broadened peak profile f(2θ). An efficient way is to apply equation (3.4) and

(3.5) to each peak profile collected from the specimen and to the profiles of a

suitable standard (LaB6 NIST SRM 660a, powder showing no microstructure

broadening) in order to obtain the total measured breadths ( h
Lβ , h

Gβ ) and the

contribution from the instrument ( g
Lβ , g

Gβ ). From the additive properties of the

breadth for the Lorentz and Gauss functions, the microstructure-related Gaussian

and Lorenzian breadths ( f
Lβ , f

Gβ ) can be obtain according to:

f h g
L L Lβ β β= − (3.6)

( ) ( ) ( )2 2 2f h g
G G Gβ β β= − (3.7)

Equations (3.4) and (3.5) can then be used again to obtain the total integral

breadth of the f(2θ) function corresponding to the given peak.
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4. RESULTS AND DISCUSSION

4.1 Template-free zeolite films and membranes

4.1.1 Film growth and morphology

The position of the support in the reaction vessel was shown to affect the FAU

film growth. Films prepared in the clear upper part of the synthesis solution

were thinner than films prepared in the bottom part of the reaction vessel. This

was also observed by others [175]. Figure 7 shows SEM images of FAU films

prepared in the top part (a, b) and bottom part (c, d) of the synthesis solution

under otherwise identical conditions (6 h thermal treatment at 100 °C).

Figure 7. Top- and side view SEM images of FAU films prepared in the
upper part (a, b) and the lower part (c, d) of the synthesis medium under
otherwise identical conditions.
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The film prepared in the bottom part is 1700 nm thick whereas the film prepared

in the top part is 1000 nm thick. In addition, the films prepared in the bottom

part are composed of two layers. Opposite to the single columnar layer observed

for films synthesized in the clear upper solution (Figure 7b), the films

synthesized in the bottom part have an additional layer, composed of small

grains (Figure 7d). A possible explanation for these observations is the

attachment of crystals formed in the bulk of the synthesis mixture on the

growing film. This should be more extensive in the bottom part of the reactor as

the concentration of crystals formed in the bulk should be higher in this area.

Figure 8 shows the film thickness as a function of synthesis duration for FAU

films synthesized at various temperatures in the top part of the synthesis

mixture. In addition, the obtained curve for films prepared in the bottom part of

the reactor at 100 °C is also shown. In the beginning of film growth, the growth

rate is constant and dependent of synthesis temperature. Furthermore, the film

thickness reaches a maximum after a certain time which depends on the

Figure 8. The film thickness as a function of synthesis
duration for FAU-type films synthesized at different
temperatures and positions (bottom, top) in the reaction
vessel.
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temperature. To investigate this phenomenon, XRPD analyses were performed

on the bulk product formed after different synthesis times. It was found that the

fraction of FAU decreases whereas the amount of zeolite P (GIS) increases as a

function of synthesis time. Hence, the FAU type crystals are not stable in the

precursor gel upon prolonged thermal treatment. These results lead to the

conclusion that the dissolution of the FAU crystals and simultaneous growth of

zeolite P is the likely cause of the observed decrease in film thickness. The same

trend was observed by Covarrubias et al. who studied the intermediate and final

phases during hydrothermal treatment of natural mordenite in alkaline medium

[176]. The authors found the following phase transformation sequence:

mordenite →FAU→GIS→hydroxysodalite.

NaA films were prepared on porous α-alumina supports (paper IV). It was

found that a multi-step approach, i.e. periodical addition of fresh synthesis gel to

the cleaned sample, was preferable in order to obtain films of high quality. In

fact, this approach was previously adapted in the synthesis of zeolite A

membranes in order to improve the separation performance [33]. The film

thickness increased with each periodical exchange of the synthesis gel.

The NaA zeolite did not only grow as a film on top of the support, but a

substantial amount was also found in the support pores. This is clearly observed

in Figure 9 which shows a side-view SEM image of a NaA membrane formed

after hydrothermal treatment at 75 °C for 6h.

ZSM-5 films with a low Si/Al ratio (ca 10) were prepared on porous α-

alumina supports and tested as membranes in gas separation experiments (paper

III). This particular system was previously investigated by our group [95].

Hence, the synthesis conditions of the membranes investigated here were

adopted from that work. Figure 10 shows SEM images of a ZSM-5 membrane.

The film thickness was in the range 1400-1800 nm for all membranes. As for the

NaA membranes, substantial growth of zeolite in the pores of the top layer of

the support was observed (Figure 10b).
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Figure 10. Top-view (a) and side-view (b) SEM images of a ZSM-5
membrane.

Figure 9. Side-view SEM image of a NaA film prepared at 75 °C for 6 h
(without the addition of fresh synthesis gel). The image clearly shows that the
pores of the support are plugged close to the interface between the support and
the film.
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4.1.2 Determination of the zeolite film quality

The NaA films (Paper IV) as well as the ZSM-5 films (Paper III) were

prepared on porous α-alumina supports which enabled single gas permeation

tests (SF6, He, N2, H2) in order to evaluate the quality of the films. The

membranes were dried at room temperature (NaA membranes) or at 100 °C

(ZSM-5 membranes) prior to single gas permeation experiments. After drying,

the NaA zeolite is fully hydrated and no permeance is expected through the

zeolite pores. Thus, weakly adsorbing gas molecules should permeate solely

through defects. It was shown that a multi-step approach (see previous section)

was necessary in order to obtain a gas-tight membrane. A high permeance was

observed for all probe molecules for all LTA films prepared using one step (i.e.

without exchange of synthesis gel) and it was concluded that these membranes

were defective. A possible explanation is that the simultaneous growth of

crystals in the bulk quickly consumed the nutrients before the film was fully

closed in the one-step syntheses. On the contrary, the multi-step approach

enabled the preparation of gas-tight membranes. Kumakiri et al. used a seeding

technique to synthesize zeolite A and Y membranes [33]. The growth of the

seeds was performed within the induction period of a clear solution. Hence, the

nutrients in the synthesis solution were only consumed by the growing seeds

attached to the support. However, the authors reported that repeated synthesis

improved the water/ethanol separation factor in pervaporation experiments, in

accordance with the work presented here.

Low or even undetectable permeances of SF6 were found for the ZSM-5

membranes, indicating the absence of defects as the gas is expected to permeate

mainly through defects. However, the permeances of N2, He and H2 were also

low, indicating that the zeolite pores were blocked by adsorbed molecules even

after drying at 100 °C. A completely dry membrane would have resulted in

much higher permeances of these gases, considering that the kinetic diameter of

these molecules are much smaller than the pores of ZSM-5 [69]. In fact,
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separation experiments of a n-butane/i-butane mixture showed that it was

necessary to dry the membrane at 220 °C in order to remove the molecules

adsorbed in the zeolite pores (paper III). Noack et al. studied ZSM-5 membranes

similar to the ones studied in this work [68]. The separation of n-butane/i-butane

mixtures was investigated in the temperature range 25-130 °C. Low separation

factors (<2) were obtained. However, the membrane was dried under mild

conditions (150 °C at 10-3 mbar for 16 h) prior to measurement. Hence, it is

possible that the zeolite pores were still blocked by adsorbed molecules and that

the isomers permeated mainly through non-selective defects, resulting in poor

separation factors.

4.1.3 Film stability during drying and thermal cycling

The thicker FAU films prepared in this work (Paper I-II) tend to detach from

the dense support during rinsing of the as-synthesized samples. The weak

adherence of the film to the support could in part be responsible. However, the

relaxation of residual stressed may result in detachment of the film from the

support. The risk of such effects is higher in thicker films since stored elastic

strain energy per unit area of interface is increasing with film thickness. Since

detachment of the FAU films were only observed for thick films, it is reasonable

to assume that this effect is due to relaxation of residual stress.

The LTA membranes were very sensitive. Even membranes that were defect

free after drying at room temperature according to gas permeation experiments,

had cracks when the samples were investigated by SEM. These defects were

probably formed during sample preparation for the SEM investigation or even in

the microscope. Thicker films (>1000 nm) even detached from the support

during drying prior to SEM analysis. In fact, formation of cracks were

sometimes observed during recording of the SEM images. Straight cracks, that

run both through and between crystals, were observed by SEM. Figure 11 shows

a top-view SEM image of a LTA membrane with a typical crack. This particular



59

Figure 11. Top view SEM image of a crack in a NaA film
formed after drying at moderate temperature (40 °C).

sample was gas-tight at room temperature. The formation of defects in these

membranes is most likely due to drying, as the preparation procedure of samples

for SEM investigation generally involved treatment at 40 °C.

The high sensitivity of the LTA membranes is further demonstrated in Figure

12, which shows the permeance of various gases as a function of temperature for

an as-synthesized membrane dried at room temperature for some days. An

instant rapid increase in the permeance of all gases is observed. The high

permeance and low permeance ratios indicate that the film is defective and that

the mass transport resistance is dominated by the support. In fact, numerous

wide cracks were detected by SEM after the permeation experiment. The cracks

were straight, intersecting perpendicular to each other and the film was partly

detached from the support. The cracks even penetrate through the top layer of

the support. The low temperature stability of the zeolite A membranes prepared

in this work may be partly related to the shrinkage of the zeolite crystals upon

drying as discussed in the introduction (1.1).
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Figure 12. The permeance of He, N2 and SF6 measured in-situ
during heating of a 1000 nm thick NaA film prepared at 100 °C
for 6 h in synthesis gel S2 (see experimental). Prior to the
experiment, the membrane was dried under ambient conditions
for some days.

Figure 13. The separation selectivity for a 50/50 kPa n-butane/i-
butane mixture of a ZSM-5 membrane (prepared from a template
free synthesis gel) during heating (filled circles) and cooling
(empty triangles).
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The performance and thermal stability of template-free ZSM-5 membranes

were investigated by n-butane/i-butane separation experiments (Paper III).

Figure 13 illustrates the selectivity obtained for a membrane as a function of

temperature during heating to 400 °C followed by cooling. The results presented

in the Figure were obtained from a membrane that was dried for 12 h at 220 °C.

This was shown to be necessary in order to remove adsorbed molecules (such as

water and ammonia) which otherwise block the pores of the zeolite (Paper III).

During heating, the selectivity increased and reached a maximum of 16.7 at

220 °C. Further heating resulted in a decrease in selectivity, mainly in the ranges

280-300 °C and 380-400 °C. At these particular temperature intervals, defects

were probably formed. At 400 °C the selectivity had dropped to 3.8. In order to

confirm the cracks were formed during heating, permeation measurements were

performed during cooling back to 200 °C. The high selectivities obtained during

heating were not regained. These results indicate that cracks were formed during

heating.

The temperature stability of the ZSM-5 membranes was further investigated by

measuring the permeance of SF6 as a function of temperature (Figure 14). The

permeance remained low up to about 250 °C. Further heating resulted in a large

increase of the permeance. After cooling back to room temperature, the

permeance remained high. In addition, SEM images of the sample after the

experiment showed large cracks with a width in the range 50-200 nm (Figure

15). Thus, it is likely that the sudden permeance increase is a direct consequence

of the formation of those cracks. The temperature of crack formation for this

membrane and the one subjected to the n-butane/i-butane separation experiment

is in good agreement.
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4.2 TPA-MFI zeolite powder studied by HT-XRPD

Earlier work at the division showed that the heating/cooling rate during

calcination of MFI membranes did not have a significant effect on the quality of

the membranes [136]. In order to study this further, the thermal behavior of

silicalite-1 (powder) during template removal using various heating rates was

investigated by HT-XRPD. The data were evaluated by the Rietveld method.

Figure 16a shows the low-angle diffraction peaks as a function of temperature

for as-synthesized TPA-MFI powder. The intensity increases significantly in the

range 275-500 °C. Figure 16b shows IC (see equation (3.1)) and the refined wt%

HMFI as a function of temperature. The agreement between the curves is very

good. Hence, the template removal can be followed by the intensities of these

peaks, which are readily extracted from the powder patterns. A sharp increase in

intensity of the low-angle peaks during template removal was also observed by

Milanesio et al. who performed a in-situ XRPD investigation of TS-1 and FeS-1

during template removal [16]. Although not demonstrated, the authors attributed

Figure 14. Permeance of SF6 for a ZSM-
5 membrane as a function of temperature.
The arrow indicates the permeance after
cooling back to ambient temperature.

Figure 15. Top view SEM
image of the ZSM-5 membrane
subjected to the in-situ SF6

permeance experiment.
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the change in intensity to the template removal. As observed in Figure 16, the

template is decomposed and removed from the structure in the temperature

range 275-500 °C, in accordance with previous work [14,43]

Figure 17 shows the MFI unit cell volume as a function of temperature during

thermal cycling (25-500-25-500-25 °C in that order) in air. During heating, a

first contraction peak is observed at about 175 °C. This is attributed to

dehydration which occurs before template decomposition, as already reported

[14]. A large contraction is observed in the temperature range 275-500 °C and is

attributed to the template removal as discussed above. During cooling, the unit

cell expands but at RT, the unit cell of the calcined MFI is smaller compared to

the as-synthesized phase. These results are in concert with a previous study [17].

Figure 16. The low-angle diffraction peaks of TPA-MFI as a function of
temperature is shown in (a). The refined wt% (empty circles) of the empty MFI
structure as well as Ic (filled circles) are plotted against temperature in (b).
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During heating of the calcined MFI powder (heating 2 in Figure 17), NTE is

observed in the temperature range 175-500 °C. Hence, the NTE in TPA-

silicalite-1 during calcination is not only due to the removal of the template

molecules. A structure intrinsic mechanism is also present, which can be

explained by the rigid-unit modes (RUM) theory, i.e. temperature-induced

transverse vibrations of two-coordinate bridging oxygen atoms which causes a

decrease in the distance between the Si atoms in adjacent tetrahedral sites [18].

Figure 18 shows the MFI unit cell volume (a) and the conversion factor α (b)

(see equation (3.1)) as a function of temperature during the first heating ramp

using various heating rates. As can be observed in this Figure, the cell volume of

MFI is not sensitive to the heating rate. On the contrary, the heating rate affects

the template removal (Figure 18b). Hence, a dependence of thermal contraction

Figure 17. Unit cell volume of the as-synthesized TPA-silicalite-1 as a
function of temperature during heating to 500 °C (heating 1) followed
by cooling to RT (cooling 1). The temperature ramp was repeated on the
calcined material and the data are included in the figure (heating 2
followed by cooling 2).
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on the heating rate should be observed for the NTE caused by template removal.

This was not observed, probably due to masking by the structure intrinsic NTE

mechanism (see Figure 17) which is not dependent on the kinetics.
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Figure 18. The MFI unit cell volume (a) and α (b) as a
function of temperature for various heating rates during
heating of an as-synthesized powder.
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4.2.1 Kinetics of TPA removal

The apparent activation energy (Ea) for the template decomposition in

silicalite-1 was determined using the Kissinger and the Flynn-Wall-Ozawa

methods (equations (1.24) and (1.25), respectively). The method of Kennedy

and Clark, with the Avrami equation as a kinetic model, was also used to

determine both the Ea and the reaction order (equations (1.26) and (1.27),

respectively). The Kissinger and the Flynn-Wall-Ozawa methods gave an Ea of

138 (±25) and 138 (±29) kJmol-1, respectively. The Ea determined with the

method of Kennedy and Clark was 140 (±30), in good agreement with the

results obtained with the other methods. The reaction order was estimated to be

0.5, which indicates that the rate-limiting step is one-dimensional diffusion

[160]. This result is in agreement with Milanesio et al. [16], who studied the

kinetics of template removal in Ti-silicalite-1. The reaction order of 0.5 was

explained with preferred diffusion of the reaction products in the straight

channels running along b, which offers the shortest way out of the crystals.

4.3 TPA-MFI membranes

4.3.1 SEM characterization of the TPA-MFI membranes

Figure 19 shows top- and side view SEM images of a calcined MFI membrane

synthesized in the presence of organic template molecules. The MFI film

appears to consist of three layers. The 700 nm thick top layer consists of crystals

with columnar character. The next layer, defined as the intermediate layer in

[82] is about 500 nm thick and is composed of small grains. Zeolite is also

formed in the pores of the support. This zeolite-support composite layer (defined

as the bottom layer in [82]) is about 500 nm thick. Opposed to the as-

synthesized membrane, cracks with a width of about 30 nm are found after
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calcination [82], see Figure 19. The penetration of the MFI film in the pores of

the support assures a strong anchoring of the film to the support. The crystals in

the film appears to be well intergrown, an observation that is further supported

by the fact that the cracks formed after calcination do not preferably run

between crystals but also within crystals (Figure19).

4.3.2 Thermal behavior of TPA-MFI membranes studied by HT-XRPD

Figure 20 shows the refined a-axis (a) and c-axis (b) of the MFI coated α-

alumina support as a function of temperature. For comparison, the refined unit

cell parameters for a blank support are also included in the Figure. The unit cell

expands as the temperature increases. The isotropic linear thermal expansion

coefficient was 8.12·10-6 and 8.25·10-6 K-1 for the MFI coated support and the

blank support, respectively. These values are in good agreement with literature

data for α-alumina powder (7.9·10-6 K-1 [177]). However, comparing the non-

coated and coated support, a slightly lower expansion was observed for the

latter. This difference is mainly due to a lower thermal expansion along the c-

Figure 19. Top-view (a) and side-view (b) SEM image of a calcined MFI
membrane synthesized at 100 °C for 72 h in the presence of TPA+.
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direction in the MFI coated α-alumina support, compared to the blank support

(Figure 20 b). Hence, the presence of the zeolite film affects the thermal

expansion of the support. This will be discussed later in this section.

Figure 21 reports the refined a-axis (a), b-axis (b) and c-axis (c) of the MFI

film in the temperature cycle 25-500-25 °C. For comparison, the cell parameters

of the MFI powder are also included in the Figures. The unit cell in the MFI film

is distorted with respect to the powder during the entire temperature cycle. The

b-axis is always longer in the film whereas the a- and c-axes are shorter. From

Figure 20 and 21 it is clear that the thermal expansion of MFI and α-alumina

differs significantly. The α-alumina support expands while the MFI film

contracts. The film should therefore experience an isotropic in-plane tensile

stress (i.e. stress in the plane parallel to the film surface) which increases during

heating. Consequently, an out-of-plane strain (i.e. strain in the direction

perpendicular to the film surface) would build up as a result of Poisson’s ratio.

Here it should be remarked that the refined unit cell parameters of the phases in

Figure 20. The refined a-axis (a) and c-axis (b) as a function of temperature
for a MFI coated α-alumina support (empty symbols) and a blank α-alumina
support (filled symbols) in the temperature cycle 25-500-25 °C.
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the membrane are based on data collected from planes parallel to the film

surface (see section 3.2.3.2) and should therefore mirror the d-spacings of these

planes. Consequently, the out-of-plane strain of crystals in the MFI film could

be calculated at each investigated temperature using the MFI powder as

reference. The results are shown in Figure 22. As the majority of the crystals are
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Figure 21. The refined a-axis (a), b-axis (b), c-axis (c) and unit cell volume (d)
as a function of temperature for the MFI film (connected symbols) as well as
MFI powder (dashed line) in the temperature cycle 25-500-25 °C.
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oriented with the a-axis perpendicular to the film surface (see Paper VII), the

strain along this crystallographic direction (out-of-plane strain) should be most

representative for the MFI film. The strain is overall compressive along the a-

direction (Figure 22). An out-of-plane compressive strain would be expected for

a film with a positive Poisson’s ratio which is exposed to an in-plane tensile

stress [178]. The strain in the a-direction increases with temperature up to about

325 °C after which it is decreased gradually, probably due to formation of cracks
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Figure 22. The out-of-plane strain as a function of temperature
along different crystallographic directions in the MFI film. The
inserted sketches show that the crystallographic planes along b
are under tensile strain while the ones along a and c are under
compressive strain.
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in the zeolite film during further heating up to 500 °C. In fact, the work

presented in this thesis showed that cracks were formed in ZSM-5 membranes in

the temperature range 220-400 °C (see section 4.1.3). The decrease in strain

during cooling is reasonable considering that the thermal in-plane strain

decreases as the difference in volume between the film and the support is

reduced.

An overall compressive out-of-plane strain is also observed for the c-axis.

Furthermore, the variation in strain for the c-axis with temperature is

qualitatively the same as the one observed for the a-axis.

A more surprising result is the large out-of-plane tensile strain along the b-

direction (Figure 22), which actually increases during cooling. This apparently

odd behavior is difficult to explained on the basis of the data presented here, and

should be investigated further in the future.

The out-of-plane strain in the MFI coated α-alumina support was also

calculated, using the blank support as a reference. The results are shown in

Figure 23. A compressive strain is observed for the c-axis during the entire

temperature cycle. The strain increases during heating, which is explained by an

increased difference in unit cell volume between the support and the MFI

zeolite. However, a larger increase in strain would probably have been observed

if no cracks were formed in the zeolite film. During cooling, the strain decreases

as the thermal expansion mismatch between the zeolite and the support

decreases. The strain along the a-axis barely exceeds the experimental error.

However a slight compressive and tensile strain is observed during heating and

cooling, respectively. It should be remarked that the strain in the α-alumina

support is at least one order of magnitude smaller than that observed in the

zeolite film. It is improbable that the overall out-of-plane compressive strain

observed in the α-alumina support is caused by the thin zeolite layer on top of

the support (ca 1200 nm, see section 4.3.1). However, the film extends into the

pores of the support, thus forming a zeolite-support composite layer (ca 500 nm,
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see section 4.3.1). It is possible that the negative thermal expansion of the

zeolite surrounding the α-alumina grains in this layer causes a net in-plane

tensile strain which is mirrored in the observed out-of-plane compressive strain.

4.3.3 The microstructure of the αααα-alumina support

The microstructure of the α-alumina support as a function of temperature

was studied using the method of Williamson and Hall (equation (1.12)) (Paper

VII). The isotropic size and microstrain at RT was 89 nm and 0.0124 %,

respectively. Hence, defects are already present in the support of the as-

synthesized membrane. The defects are probably dislocations, considering the

nature of the α-alumina structure (Paper VII). However, it should be emphasized

that the method of Williamson and Hall (equation (1.12)) should not be used
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Figure 23. The out-of-plane strain along the a- and c- direction in the
MFI coated α-alumina support as a function of temperature.



73

quantitatively [179]. It should only serve as a first approximation of the nature

of the line broadening effects. Figure 24 shows the microstrain of the α-alumina

support as a function of temperature. A large increase in microstrain is observed

during heating which may suggest the formation of structural defects in the

support. It is possible that the defects are formed in order to release the thermal

stress induced in the support during heating. The stabilization of the microstrain

at 500 °C is possibly due to the fact that the thermal stress decreases during

cooling (as the difference in thermal expansion between the zeolite and the

support decreases) and does no longer induce the formation of structural defects

in the support. In order to confirm the results from the line broadening analysis,

bright field TEM images were recorded from the support subjected to the in-situ

experiment, see Figure 25. In fact, structural defects (likely dislocations) were

observed. The SAED diffraction pattern in the insert confirms that the signal

comes from a single crystal of α-alumina.
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Figure 24. Microstrain of the MFI coated α-alumina
support as a function of temperature.
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Figure 25. A bright field TEM image, of a sample taken from
the membrane that underwent the in-situ synchrotron
experiment, showing structural defects in the α-alumina
support. The SAED diffraction pattern in the insert confirms
that the signal is transmitted by a single crystal of α-alumina.

4.3.4 Crack formation model

A model for crack formation was postulated on the basis of the results

presented in this thesis and previous work at our division [82]. However, some

important assumptions, which are supported by SEM images (section 4.3.1 and

[82]), have to be made: (a) The crystals are strongly bonded to the support. (b1)

Relatively thick MFI films, as the one studied here and in previous work by our

group (membrane type U-72 in [82]), are composed of well intergrown crystals.

(b2) In the case of thinner films (500 nm, membrane type M30 in previous work

[82]), the crystals are less intergrown compared to thicker films.

Our models for crack formation is described as follows: During heating, the

MFI crystals experience a weak contraction at about 175 °C (dehydration) and a

strong contraction in the temperature range 275-500 °C (template removal). At
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the same time, the α-alumina support expands. The difference in thermal

behavior between the film and support induces thermal stress in the relatively

thick film (b1), which eventually is released mainly via crack formation.

Dislocations in the support are also formed, possibly to release part of the stress.

In the case of a thin film (b2), less or no stress develops and the grain

boundaries are opened, as also suggested by Dong et al. ([15]). In fact, defects

with a width of a few nanometers is present in this kind of membrane [116]

which may be open grain boundaries formed during calcination, according to

our model. During cooling, the support contracts and the MFI film expands.

Hence, the width of the defects formed at high temperature is likely to decrease

as also suggested by Dong et al. [15].

The crystal intergrowth should be the main factor determining the type of

defects (cracks or open grain boundaries). In the case of highly intergrown

crystals, the bonds between crystals and within crystals are of similar strength

and cracks may develop even within crystals (b1). Less or no intergrowth should

result in the formation of open grain boundaries upon calcination (b2).

The model (b1) can be generalized to explain the crack formation observed in

the template-free ZSM-5 and NaA membranes (Paper III and IV, respectively),

The permeation results for these membrane types showed that cracks were

formed during heating. In addition, SEM observations of these membranes

showed that the films extend into the support pores and that cracks do not

preferably run between crystals. Hence, the films are strongly bonded to the

support and the crystals are well intergrown. Negative thermal expansion for the

hydrated forms of NaA and ZSM-5 ([20], [180]) has been reported. Based on

these experimental results and literature reports, the model for crack formation

should be applicable for all membrane systems studied in this thesis.

Finally, earlier work has indicated that the heating rate [14] and the orientation

of the crystals in the film [134] may influence the crack formation, and these

two parameters will now be discussed in relation to our model for crack
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formation. In this work (Paper VI), the effect of heating rate on the thermal

behavior of silicalite-1 powder during calcination was investigated. It was found

that the variation of the heating rate has no effect on the thermal expansion

curves (see Figure 18). Hence, under the assumption that the crystallites

constituting a supported MFI film has the same thermal behavior as the

crystallites in the powder, the thermal expansion mismatch at a certain

temperature during calcination of a supported film is independent of heating

rate. Hence, the crack formation should not be influenced by the heating rate as

opposed to an early recommendation [14] to calcine zeolite membranes very

slowly in order to avoid crack formation. In fact, previous work at our division

showed no correlation between the heating/cooling rate and membrane quality

[136]. The work presented here (papers VI-VII) showed that MFI has an

anisotropic thermal behavior. Hence, the orientation of the crystals in the film

should influence the thermal behavior of the film, as already suggested [134].

Based on data for MFI powder presented in this thesis (Figure 21), the in-plane

thermal expansion would be largest for b- and c-oriented films. Hence, such

films would have a thermal behavior closest to the one for the support and

should be more crack resistant. As discussed in the introduction, b-oriented MFI

films with high performance in xylene isomer separation has been prepared by

Lai et al. [67]. The high quality of the membranes was partly attributed to

absence of cracks, due to the presence of an intermediate layer of mesoporous

silica between the support and the zeolite film which eliminate thermal stresses

[67]. However, considering the results presented in this thesis, a contributing

factor to the crack resistance of these membranes could be the specific preferred

orientation, which reduces the thermal expansion mismatch between the

materials in the composite, or weakly intergrown crystals.



77

5. CONCLUSIONS

Conditions were established for the preparation of FAU films on dense

alumina supports and LTA films on porous α-alumina supports. The thickness

of the films was linearly dependent on the synthesis duration. However, a

maximum in the FAU film thickness was observed after prolonged hydrothermal

treatment due to dissolution of the FAU crystals and simultaneous growth of

GIS. Furthermore, the position of the support in the reactor during growth of

FAU films was shown to affect the film thickness. Thicker films were obtained

when the supports were placed in the bottom part of the reactor. The quality of

the LTA membranes could be improved by applying several growth steps were

fresh synthesis gel was periodically added to the cleaned samples.

ZSM-5 films with low Si/Al ratio were prepared on porous α-alumina supports

according to a procedure previously developed by our research group. In butane

isomer mixture separation experiments, a maximum separation factor of 17.8

was obtained at 220 °C. It was shown that drying of the membrane at high

temperature was crucial to obtain high fluxes and separation factors.

Common for both the MFI and the LTA films prepared in this work was that

cracks were readily formed during heating as determined by in-situ gas

permeation measurements. The MFI membranes with low Si/Al ratio cracked

after exposure to temperatures higher than 250 °C. The zeolite NaA films

cracked already at 40 °C. These results prompted a study of the crack formation

with the aim to develop a model. Relatively thick α-alumina supported TPA-

MFI films (ca 1800 nm) which reproducibly crack during calcination, according

to previous work by our group, were chosen for the study. The crystals in these

films are well intergrown. The proposed model explains the crack formation in

membranes studied in this thesis as well as the lack of cracks in thinner MFI

membranes (ca 500 nm) developed by our research group. The latter type of
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membrane is composed of less intergrown crystals, compared to thicker MFI

films. In addition, nano-sized defect are formed in these membranes during

calcination, according to permporosimetry measurements previously performed

at our division. According to the model, the zeolite contracts and the support

expands. In the case of films composed of well intergrown crystals, stress

develops in the composite as a result of the thermal expansion mismatch. The

stress is eventually released via crack formation in the film and dislocations in

the α-alumina support. For films in which the crystals are less intergrown, the

grain boundaries are opened during heating and no cracks are formed, in

accordance with models already presented in the literature. These open grain

boundaries are probably the nano-sized defects observed by permporosimetry in

previous work.

The model for crack formation was developed based on results from various

experimental techniques such as HT-XRPD (utilizing both synchrotron radiation

and in-house sources) in combination with the Rietveld method, SEM, TEM and

gas permeation measurements. The MFI powder experiences a large contraction

in the temperature range 275-500 °C, in accordance with literature. The

contraction was shown to be related to template removal and possibly a structure

intrinsic mechanism. The MFI film also contracts during heating while as the α-

alumina support expands. The thermal expansion mismatch between the film

and the support caused in-plane tensile strain which increased during heating.

This was mirrored in a compressive out-of-plane strain of most crystals in the

film, due to the effect of Poisson’s ratio. In fact, the strain was found to increase

during heating up to about 325 °C, as the difference in volume between the film

and the support increased. Further heating caused a decrease in strain, which

was attributed to the formation of cracks in the membrane which released the

strain. The thermal behavior of the MFI coated α-alumina support was shown to

be different from the blank support. This was explained by an overall thermal

compressive out-of-plane strain, probably due to the presence of zeolite in the
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pores of the support. Furthermore, a microstructure analysis of the MFI coated

support using in-situ synchrotron diffraction data showed that structural defects

were formed during heating up to 500 °C. These defects were possibly due to

the accumulated thermal stress.

This thesis work also showed that the contraction behavior of TPA-MFI

powder was independent on heating rate. Therefore, the difference in thermal

expansion between the support and the TPA-MFI film should not vary with

heating rate. This implies that the crack formation can not be influenced by the

heating rate, according to the model presented in this thesis. In fact, earlier work

at our division showed that no correlation exists between heating rate and crack

formation.





81

6. IDEAS FOR FUTURE INVESTIGATIONS

New experiments to further optimize the synthesis conditions for the

preparation of high quality membranes should be performed, taking into

consideration the model for crack formation presented in this thesis. The risk of

crack formation in zeolite membranes could basically be reduced by (i)

minimizing the difference in thermal expansion between the film and the

support and (ii) minimizing the intergrowth between the crystals in the film

without compromising the film continuity. The first criteria could be achieved

by choosing a support material with a thermal behavior similar to the one of the

zeolite film or deposit intermediate layers of for example mesoporous silica as

discussed in the introduction. Furthermore, as the thermal expansion of some

zeolites (such as MFI) is anisotropic, the orientation of the crystals in the film

should have an influence on the thermal stress. Based on the results of the

present work, b- and c-oriented MFI films should have higher crack resistance.

In order to fulfill the second criteria, synthesis conditions in general such as

properties and orientation of seed crystals, temperature, synthesis time and

chemistry of synthesis solution are factors to consider.
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���������� �& �  ������ �����	�, )�	 �		� ��
�	 ���+�	 	����	� ��	 ��	�������� �& !	�� ����
��� ��� ��� ���*� �� �	 ����� ���	 �� ����
���	� �& ��������, 7������� �& �	����	 - �����	

���	� ����� ���� �	 ���+�	 ��!	 �		� �	����	� ��
�	�� �&  ������ ���	� ���  �	��
��	��� �	

 ���� �� ���� F7)�<G
B�/ D##E, C� ����	���� 
��!	��������� �& ��	 ��	�������� �& ��������	
���	
��� �� �������� ��������	� ��� ��*	!	� �		�
�	����	�, )�	 � ��	 �& ��	 ��	�	�� *��0 *�� ��
����� ��	 	/	 �� �& !������ �����	��� �����	�	��
�� ��	  �������������� �& ��������	
���	 ��� *���
��	 ���	 ��!	 �& �	!	������ ��	������!	 ��� 	

���	� �������	 &�� �	�����	 ��	���������,

�
 ������������ ������

7��������  ������� �& �	����	 - ��	� �� �		��
*	�	 �����	���	� �� �  �	�� �����	�	��� ����

����, )�	 �����  ���������� �& ��	 �����	

��� ��.���	 *�� =,'4F)�8G=(K5,5H=C�=(K8�=(HK
H,'5��(=K'55�=( D#=E, )�	 ���� � ���� 	 *�� �	���

	���.������	 F)3(� � $IR��	� 0G ��� ��	 �����

��� ���� 	 *�� �������� ��������.��	 F�����G,
)�	 ��0��� ���� 	� *	�	 �	����	������������
�����.��	 F)�8(�� �����G ��� � 5,#5 � ������
�����.��	 �������� F��	�	�
�	���	�G, )�	 �����	���
��.���	 *�� ��	���	� �� ������ � ��.���	 �&
�������� ��������.��	� *��	�� )�8(� ��� �
5,#5 � ������ �����.��	 �������� �� � ��.���	 �&
)3(� ��� *��	� ���	� !������� ��������, �����*

��� ���������� &�� #I ��  �������������� *�� 	/	 �	�
���	� �	B�. �� � ����������	�	 �	� ��� ��� 	� ��
�� ��� ���� �� � �	��	�����	 �& #55�7, 8&�	� #$= �
�& �������	���� ��	���	��� ��	  ������� *	�	 ����

	� ��  	����&������� ��� �	����	����� �� � 5,#5 �
������� ��������, 8&�	� 	� � �	����	������ ��	
�		� ��� *�� ����*	� �� 	+��������	 &�� =' �, )�	
���� ����� ��� 	���	 *�� �	�	��	� �*� 	, ���

��*��� � ��� �	����	����� �� �������	� *��	�� ��	
�����  ���	�� ��� ��	 �� �& ��	 ��� *	�	 ������	�
�� #,5R ��� #5,5� �	��	 ��!	�� F��	 ����	� �� ����

���� �& � �����	 ������� ��������G, ;� ���	� ��
��!	������	 ��	 ��� 	. ����	 ����	���	� �& ��	 �		�
 �������� �*� ��
�����	���	� �		� ��� �����	� *	�	
����	� �� ��	 &����*��� ��/	�	�� �	���, F�G 5,#5 �
������� �������� ��� F��G �������	� *��	�, )�	
���� ����� �	+�	� 	 *�� ��	 ���	 �� ���� �	

� ���	� ���!	 ��� *������ ��	 �������	�� �& ��	
�� ��� ��	 �����  ���	��, 8� ���������� �����	
����	� �� � �����	 ������� �������� &�� &���
������ *�� ���� ��!	������	�, �����*��� ���� �

����� ��	 �����	� *	�	 ��� ���	� &�� #I � �� #55�7,

(�	 ���	 ������	� �
������� F5 5 5 #G ��������	�
*	�	 �����	� !	��� ���� �� )	B�� ����	��, )�	
��������	� *	�	 ����	� �� � 	���	 &�� " ��� �� ��

��������, 8&�	� ��������� ������ ��	 ��������	�
*	�	 ����	� &�� " ��� �� �� ��0����	 ��������
��!��� ��	 !����	  ���������� "�=5K#�=(=K
#C�H FH5R �=(= ��� =" *�,R C�H ��������G ���
�� �� � ��� �������� *��� � !����	  ����������
4�=(K#�=(=K#�7� FH5R �=(=� H>R �7�G, ���

��*���  �	������ ��	 ��������	� *	�	 ��	��	� &��

=4 $% ����������� �� ��% & $���'����� ��! $���'����� $�������� (� )*+++, *-.(/



" ��� �� � ��������  ���������  ������ �����	�
���	 ��	� F5,' *�,R �	��B� '#"5� 30� 7�	��

 ���G� ������	� �� �� I,5 �� �������� �& � �����	
������� ��������, )�	 ��������	� *	�	 ����	� �� �
5,# � ������� �������� �� �	��!	 	. 	�� ����

�	�, ;� ��	 &����*��� ��	�� ��	 ����	� ��������	�
*	�	 ���	��	� �� ��	 �		� ��� &�� " ���, 8&�	� ��	
���������� �& �		�  �������� ��	 ��������	� *	�	
����	� �� � �����	 ������� �������� �� �	��!	
	. 	��  �������, )� �� �	��	 ��	 ������ �& ��

����	� �		�  �������� ��	 �����	� ��� ��	 �		�
���������� ��	�� *	�	 �	�	��	� �� 	 ���	, ���

��*��� �		����� ��	 ��������	� F����� �����	� ��
����	��G *	�	 ���	����	�� ��� 	� �� � �����	��� �	�
*��� ��	 ������	� ���	 ������ !	��� �� ��� �	��

��� �������� ��*�*���� �� ���	� �� �!��� �	��

�	������� �&  ������� &���	� �� ��	 ���0 ���� ��	
���&� 	, )�	 �����  ���������� �& ��	 �����	

��� �������� *�� #'C�=(K8�=(HK#5��(=K>$I�=(K
HC�=�(', )��� �������� *�� ��	���	� �� ��.���
�� �+�	��� �������� �& ������ �	������ ��	
FC�=��(H � $�=( � $IR� �����G *��� ��������

���&��	
#I
������	 F��	�	�
�	���	�G ������!	� �� �
#,5 � ������ �����.��	 ��������, )�	 �	� *��
�����	���	� ���	� �������� &�� = �, 8 ��	 ������	
&���	� ������� �� ��	 �	� ��� ������ �� �����	����
�	�!��� �  �	�� �������� �� ��	 ���	� ���� �& ��	
�����	��� �	�, ���� ���*�� �� ��	 ���	� ���� �& ��	
�����	��� �	� *�� �����	� �� ��	 �	��	�����	� 45�7�
I5�7 ��� #55�7, ���� ���*�� *��� ��	 ��������	�
��� 	� �� ��	 ��*	� ���� �& ��	 �	� *�� �����	� ��
#55�7, 8�� ��	 ��� *	�	 ���*� ���	� �����  ��

������� �� �� �������	�� ��	����	 ��� ���	� �	

B�., 8&�	�  ������� ��	 �����	� *	�	 ����	� �� �
�����	 ������� ��������, ;� ���	� �� ��!	������	
��	 	!	��� ��0��� ��� 	 �� ��	 ���0 �& ��	 ��
�����	��� ��������� ��	 ���0 ����� � *�� ����	�
�� �	���	������� ��� �	����	����� �� �����	 ��

����� ��������, )�	 ���� ����� ��	� *�� �	�	��	�
�*� 	� ��� ��	 ����	����� *�� ��� ���	� �� #55�7,
7���	� ��� ��*�	�� �& �	����	 - ��� �	����	 <
F30� C��	�G *	�	 ��	� �� �	&	�	� 	�, )�	 �	����!	
������ �& 	� � �	����	 �� ��	 ���0 ����� � *��
 �� ����	� �� ��!����� ��	 ��� �& ��	 ��	�� �& ��	
���� ���	��	 �	�0� �� ��	 �����	� ����������� &���
��	 �	����	 ��!	������	�� *��� ��	 ���	 ��� ��

����	� &��� ��	 �	&	�	� 	 �����	, 8� ��	 ���0
����� � �� � ��.���	 �& �	����	� - ��� <� ����

�����	 	+������ �� ����� ���	 �	 ���	 ��	 ������

����  �	S �	��� ��	 ������� &�� �	����	� - ��� <�
��� 	 �  ����������  ��!	 ���	� �� ��/	�	�� ����
������ �& ��	 �*� �	����	� ��!	� � �������� ���	,

2����� ����� � ���	���� F2��G *�� ��	� ��
&����* ��	 ���*�� �& ��	 �		�  ������� ����� �
?���0��!	� ;������	�� ?;=55�� ����� � ���	����
����	�, )�	 ��� 0�	�� ��� ���������� �& ��	 ���
*	�	 ��!	������	� ����� � <������ 1� H5 � ������
	�	 ���� �� ��� ��	 F�3�G 	+����	� *��� � ��?4

	������� ���� 	, )�� !�	* ����	� *	�	 �	 ���	�
*��� � =5� ���� �& ��	 ��	 ��	�, 3�	�	���� ������	�
�& �		�  ������� ���  ������� &���	� �� ��	 ���0
������ �� �����	��� *	�	 �	�&���	� ����� ��
	�	��� ����	���!	 1
��� ��	 ����	�	� F321� ���0
;���G ���� �	� �� ��	 �3�, <���� �� ��	 �3�
 ���� �	��������� ��	 �����	� *	�	  ���	� *��� �
���� ���	� �& ����, 8 ��	�	�� 2"555 ��*�	� 1
���
��/�� ���	�	� F1�2G ������� �� ��	 ?����6
?�	����� ���	 ��� 	+����	� *��� � T���	� ���

���� *�� ��	� ��  ���	 � ��	 1�2 ���� �� ��	 =�
����	 �& "�6H"�, �����	� �����&��� ��&���	�
F�);�G ��	 ���� ��� �	����	�	��� *	�	 �	�

&���	� ����� � <	�0��63��	� =555 �);� ��	 

����	�	�,

�
 ������� ��� ���������

�		�  �������� >5 �� �� �	����	� �� 2��� *	�	
������	� �� �
������� *�&	�� �� ���	� �� &� ������	
�	����	 ���*��, 8&�	� ��	 ���������� ��	�� ��

���.����	�� H5R �& ��	 ��������	 ��  �!	�	� *���
�		�  �������� �		 ���, #F�G, 8� ���������� ������

���� ��	� �	����� �� � ������������� �����!	� �		�

���� �		 ���, #F�G� *��� �  �!	���	 �& ����� 45R, 8
�		���� ��� 	���	 ��!��!��� �*� ��	�� *�� ��	� ��
���* ��	 ���, ;� ���	� �� ��!	������	 ��	 �����

������ �& ��	 �� ���*�� *������ �		���� ��	 *�&	��
�� 	.�	���	�� *�� ���	 *�	�	 � ����		�	� �

������� *�&	� *�� ���	��	� �� � �����	��� �	� &��
=5 �, ���� ��	 ��� !�	* �& ��	 �3� ����	� F���
���*� �	�	G� �� *��  �� ���	� ���� �� �� *��
&���	� �� ����		�	� ��������	�,

)�	 ��B�	� 	 �& �����	��� �	��	�����	 �� ���
���*� �� ��	 ���	� ���� �& ��	 �����	��� �	� *��
��!	������	� ����� ���		 ��/	�	�� �	��	�����	�K
45�7� I5�7 ��� #55�7, )�	 ��� ��� ���	 !�	*

$% ����������� �� ��% & $���'����� ��! $���'����� $�������� (� )*+++, *-.(/ =>



�3� ����	� *	�	 ��	� �� ����� ��	 ����������
��� ��� 0�	�� �& ��	 ���, )�	 �� ���&� 	 ���

������� &����*� � ������� ��	�� ������ ���*�� ��
	� � �& ��	�	 �	��	� �����	���	� �� ��	 ���	� ���� �&
��	 �����	��� !	��	�, 8&�	� � ����� �����	��� ���	�
�	&��	 �  ��������� �� ��� �		� &���	�� ��	 ���	
������������ �& ��	  ������� �� �����*, U��� ���

����	� �������	���� ��	���	�� ��*	!	�� ���	
 ������� ��	 ����	�, �����	� 	.�����	 �& ��	 �� ��
��	 �����	��� ��������  ���	� ��	�	 ����	�  �������
�� 	� �������	 ��	 �����������  �������, ;� ���, =�
���� ��� 	��  �� �	 &����*	� &�� ��� �����	���	�
�� I5�7, 8���� ��	 ������ �&  ������� �	� ���� ��	�
�	 �	��	� *��� �� �	����� ��� 0�	��, )�	 ��� 	��	�
�	� ���	� ���!	 ��*	!	�� ��0	 ��� 	 �� ��/	�	��
�����	��� ���	� ��	 �� ��	 ��/	�	�� ���*�� ���	� ��
	� � �	��	�� �		 ���, H, )�	 �	���������� �	�*		�
��	 ������� �� ���*�� ���	� �	����	� �� �  ����	
�� ��	 �� ��� 0�	��� ��� ��	 �����	��� �	��	�����	
���	��� �� �	 	.���	�����, 8 ���� �& ��	 �������
��������� �& ��	 �� ���*�� ���	 F	������	� ��
���	�� �	��	����� �& ��	 ������� ���� �& 	� �  ��!	�
���*� �� ���, HG ������� #J� �	����� �� � ��������
���	, 8������� �� ��	 ����� �& ���		 ���� ������
����� ���� ���� ��	� ���� ��	 ���*�� �	� ���� &��

��*� ��	 8���	���� 	+������� ��  �� �	 	.�	 �	�,
)�	 � ��!����� 	�	��� *��  �� ����	� �� �	
45 0�J���, 3!	� ������ ���� !���	 �� �� 	������ ��
���		� *	�� *��� ��	 �	����� ������	� ��	!������
D#HE, 2����� ��	 �������	���� ��	���	�� �& ��	 ��
�����	��� ��������� �� ����������� ��	 �	� �� �������
��	 ������	�, 8� I5�7 ��� #55�7� �� ������  �	��
�������� �� &���	� �� ��	 ���	� ���� �& ��	 ���

��	��� ��.���	, 8� 45�7� ��	 ���	� ����	 �� ���	

*���  �����, ;� ���	� �� ��!	������	 ��	 ��
���*�� �� ��	 ��*	� ����� ��	 	.�	���	���� �	��	�

*�� �	�&���	� *��� ��	 ��������	� ��� 	� �� ��	
��*	� ���� �& ��	 �����	��� ��.���	 ������ ��
���*�� �� � �	��	�����	 �& #55�7, 8&�	� # � �&
�����	���� �  ��������� �� *��� � ��� 0�	�� �&
=#5 �� ��� &���	�, 8&�	� #= �� ��	 �� ��� 0�	��
��� �	� �	� � ��.���� �& =>'5 ��, ����� ���

��	���	� �� #55�7 �� ��	 ��*	� ���� �& ��	 �����	���
��.���	 *	�	 ��� 0	� ���� ��	 ��� �����	���	� ��
��	 ���	� ���� ����� ��	 ���	 �����	��� ��������
��� �	��	�����	� �		 ����, H ��� ', 2�!�� 	� ��,
������	� ������� �	����� *�	� ���*��� �	����	 -
 ������� ��  ���	� &���� D#'E, )�	� &���� ����
�����	�  ������� *	�	 &���	� �� ��	 ���	� ���� �&
��	 �	� ��	 �����, )�	 �	����� ������	� �� ��	 ��	

�	�� �����  �� �������� �	 	.�����	� �� ��	 ��

�� ��	�� �&  ������� &���	� �� ���0 �� ��	
���*��� ��, )��� �� ���	 ��0	�� �� ����	� *�	�
��	 �� �� ���*� �� ��	 ������ �& ��	 �����	��� �	��
�� ��	  �� 	�������� �&  ������� &���	� �� ���0
������ �	 ����	� �� ���� ��	�, )�	 ����	� �����	��
 �� 	�������� �� ��	 ������ �& ��	 �����	��� ��

������  �� ���� ������	 �	 ������ �� �	�����
��� 	��	� ����  ���� �/	 � ��	 �� ��� 0�	��, 8
�	 ������ �� �	����� ��� 	�� �� ���� �������	� ��
��	 &� � ���� ��	 �� ��� 0�	�� �� �����.����	�� ��	
���	 �� ��	 ���&� 	  ������ ���	� 	������	� �� �3�
��� !�	* ����	�� &�� ��� ��� �����	���	� �� ��	
���	� ���� �& ��	 �����	��� ��������, ��� ���
�������	������ ��	��	� �� ��	 ������ �& ��	 ���

��	��� ��������� �� ��	  �������� � �	!������ �	

�*		� ��	�	 �*� !���	� �� ������	�� *�� � �� �	��	�
*��� ��	 �� ��� 0�	��, 8 �� �����	���	� �� ��	
���	� ���� �& ��	 ���	 �� #55�7 &�� 4 � �� #555 ��
��� 0� �		 ���, 'F�G ��� F�G� *�� � �� ����� ��	
���	 �� ��	 �	���� �& ��	 ����	�  �������, 8 ��
�����	���	� �� #55�7 �� ��	 ��*	� ���� �& ��	 ���	

���, #, 8 �		�	� *�&	� �&�	� F�G ��	 ��� F�G �*� ���������� ��	��,

=I $% ����������� �� ��% & $���'����� ��! $���'����� $�������� (� )*+++, *-.(/



&�� 4 �� ��� �  ������ ���	 �& ����� #555 ���
*�	�	�� ��	 �� ��� 0�	�� �� ����� #>55 ��� �		
���, 'F G ��� F�G, ���	�!	�� ����	 ���� ��� ���

��	���	� �� ��	 ��*	� ���� �& ��	 �����	��� ��������
�� #55�7 �� ���������� ��	���	��  ���	� ��	 ��
��� 0�	�� �� �	 �	��	, )�	 �	����!	 �	 �	��	 �� ���	
������� 	� &�� ��� 0	� ���, )����  ������� ����

������ ���� �	� �� ��	 ���&� 	 �		� �� ��!	 �	

�� �	� ������ ���������� ��	���	��, )��� ���� ��	�
���� ��������	�	� ��� ��	 �����	���	� �� ��	 ���


��� ���� �& ��	 �����	��� ��������� ��	 �� ��	 ��

�� ��	�� �& ���0  ������� �� ��	 ���&� 	 �& ��	
���*��� �� �� ��	 �	 ������ �� �	����� �	� 

�����, ;� � &	* ���� � ���� �	� ���	�  �� �	 �		� ��
��	 �� ���&� 	� �������� ��	 �� ����	+���	 ����

���,

)�� 0	� ��� �����	���	� �� #55�7� �	�� �� �		�
�/ ������ �������, 8 ������� 	.��������� �& ����
��	���	���  ���� �	 ��	 ����� ����	� �& ���&� 	
�����.�� ������ ��# (����=� �� ��	 �����	

���, =, �3� ����	� �& ��� �����	���	� �� I5�7 �� ��	 ���	� ���� �& ��	 �����	��� ��.���	 &�� F�� �G H �� F � �G #= � ��� F	� &G =# �,

$% ����������� �� ��% & $���'����� ��! $���'����� $�������� (� )*+++, *-.(/ =$



 ������ �
������� *�&	� D#"E� *�� � *	�0	�� ��	
	�	 �������� ���������� �	�*		� ��	 *�&	� ���&� 	
��� ��	  ������ �����	�� �,	, ��	 ���	��!��� �& ��	
�	����	 ��% ��*	!	�� ���� ��	� ��� 	.����� *��
�����	� ��� �� ��� �		� �/ ������ �������,

���� ���, H� &�� ��� �����	���	� �� #55�7 ���
I5�7� �� �� +���	  �	�� ���� ��	 �� ��� 0�	��
�� �	��	� �� �� �  	����� ���	 �& �������	����
�����	��� ��� ��	� �	 �	��	� ���� � �������	�
��	���	��, )��� ������ ���� �	 ��	  ��	 &�� ���
�����	���	� �� 45�7� ��� ��	 	.�	���	���� �	��	�
*�� �������� ��� ��S �	���� 	.�	��	�, )��� ��	

���	��� ��� ��	!������ �		� �	����	� &�� ��	
��	�������� �& A��
" ��� DIE� �������� �� *��
��� &����	� ��!	������	�, ;� ���	� �� �� ��� ����	�
 ������� &���	� �� ��	 ���0 �& ��	 �����	��� ����

���� �&�	� ��/	�	�� �	����� �& �����	��� ���	� *	�	
��!	������	� �� 1�2, ��  	���!	 �����&��������
�& ��	 ���0 ����� � ������ �������	���� ��	��

�	�� �� �&�	� 	� ����	�	� �� ��	 �	����	 �����	���,
���, " ���*� ��	 ������ �& ��������	 ��� �	����	 <
�� ��	  ���������	 ���0 ����� � �� � &�� ���� �&

�����	��� ��������, ;� ��  �	�� ���� ��	 &�� ���� �&
��������	 �	 �	��	�� *�	�	�� ��	 ������ �& �	����	
< �� �	��	�, )�	 ���	 0��� �& �	��!���  �� �	
	.�	 �	� �& ��	  �������  ����������� ��	 ��� �,	, ��
�� ��0	�� ���� ��	 �	����	 <  ������� &���	� �&�	�
�������	� �������	���� ��	���	�� ���*� �� ��	
	.�	��	 �& ��	  ������� �� ��	 ���0 �� *	�� �� �& ��	
 �������  ����������� ��	 ��, )���� ��	 �	���� &��
��	 �	 �	��	 �� ��	 �� ��� 0�	�� �� ��0	�� �� �	 ��	
&�������� �& �	����	 <, ��*	!	�� ��	  �������
 ����������� ��	 ��� �		� �� ������!	 ���	 ���

���� ���� ��	  ������� &���	� �� ��	 ���0 �& ��	
�����	��� ��������, 8&�	� '' � �& �������	����
��	���	�� �� #55�7 �� ��	 ��*	� ���� �& ��	 ���

��	��� ��������� �� ��  �� �	 �	�	 �	� �� ��	
*�&	� �	����	 � ����	� ���� �	����!	 ������ �&
��������	 �� ��	  ���������	 ���0 ����� �� �		 ���, ",
8 �������	 	.��������� &�� ���� �� ���� ��	 �����	�
 �������  ����������� ��	 �� ��	 ���	 +�� 0��
������!	� ���� ��	 ����	�  ������� F#I55 ��G �� ��	
���0, ;� �� ���� ���	�!	� �� ��	 �����	� ���� ��	
&�� ����� �& ��������	 ��� �	����	 < ��	� ��� ���
�� �� #55R �&�	� ����� H'5 � �& �����	���, )���
��� �	 ��	 �� ��	  ������������ ��/	�	� 	 �	�*		�
��	 �	&	�	� 	 �����	 �& �	����	 < ��� ��	 �	����	 <
&���	� �� ��	 ���0 �& ��	 �����	��� ��������, ���
	.����	� ��	  ������������ &�� ��	 ���0 ����� �
 ��������� �& ��������	� ������	� �&�	� #= � �&
�����	���� �� ����	� ���� ��	 �	&	�	� 	 �����	 F�		
���, "G,

)�	 ��	&	��	� ���	������� �& ��	  �������  ��

��������� ��	 ��� *�� ��!	������	� ����� 1�2
����, 8 ��*�	� �����	 �& ��������	� ������	� �&�	�
#= � �& �����	���� *�� ��	� �� � �	&	�	� 	 ���
 �����	�	� �� ��!	 ������ ���	������� �& ��	
 �������, 8� 1�2 ��/�� ������ �& ������	� �		�
 ������� �� ���*� �� ���, 4F�G ����� *��� ����	���
������	� &��� ��� �����	���	� �� #55�7 F�G ���
F G ��� ��	 ����	�� ������	� &��� ��	 ��*�	�
�	&	�	� 	 F�G, ����� �	�0� �� ��	 ��/�� ������
������	� &��� ��	 ������	� �		�  ������� ��	 ��	
F# # #G �	�0 ��� ��	 F" " "G �	�0 ���� ����� � ��	

&	��	� ���	������� �& ��	 �		�  ������� *��� ��	
9# # #: ������� ������	� �� ��	 ��������	 ���&� 	,
)�	 �		�  ������� �		� �� �	 ������	� �� � PPB��QQ
����	�� *��� ��	 9# # #: ������� &� ��� ��	 B��
*�&	�, )�	  ������� �� ��	 �� �����	� �		� ��
��!	 �� ���	������� +���	 ��/	�	�� &��� ��	 �	&	�


���, H, ���� ��� 0�	�� �& ��������	
���	 ��� �� � &�� ���� �&

��	 �����	��� ���	,

H5 $% ����������� �� ��% & $���'����� ��! $���'����� $�������� (� )*+++, *-.(/



	� 	 �����	� ���� ����� � ��	&	��	� ���	������� �&
��	  �������  ����������� ��	 ���, )� &����	� ��

!	������	 ��	  ����	 �� ���	������� �& ��	 ���
 �������������� ��	&	��	� ���	������� ���	� �� ��	

���, ', �3� ����	� �& ��� �����	���	� �� #55�7 &�� 4 � �� F�� �G ��	 ���	� ���� ��� F � �G ��	 ��*	� ���� �& ��	 �����	��� ��������,

���, 4, 1�2 ��/�� ������� �	 ���	� &��� F�G ������	� �		�

 �������% ��� �����	���	� �� #55�7 �� ��	 ���	� ���� �& ��	

�����	��� ��.���	 &�� F�G H � ��� F G 4 �� F�G ����� *��� � ����	��

 ���	 �	� &��� � ��*�	� �����	,

���, ", )�	 &�� ���� �& ��������	 ��� �	����	 < �& ��	 ���0

����� � �� � &�� ���� �& �����	��� ��������,

$% ����������� �� ��% & $���'����� ��! $���'����� $�������� (� )*+++, *-.(/ H#



1 �	�0 ��� ��	 - �	�0 F7<(F1GJF-GG *�� �	�	�
�� ��	 &����*��� *�� D#4EK

7<(�1���-� � ��1�
� ���-�

� � ��1�
< ���-�

<

��1�
� ���-�

�

�

*�	�	 0 �	&	�� �� ��	 �	�0 ��	�� � �� ��	 ��
�����	 ��� < �� ��	 ��*�	� �	&	�	� 	 �����	, )�	
F# # #G �	�0 *��  ���	� �� ��	 �	&	�	� 	 �	�0 �� ��
�� ���	��	 �� ��� ��	 ��/�� �������, )�	 FH H #G �	�0
��� ��	 F4 = 5G �	�0 ��!	 � �	����!	�� ���� ���	�����
�� ��� ��	 ��/�� �������� ��� ��	 ���� �������	 &��
��	 7<(  �� �������� �� *	��, ;& ��	 7<( !���	 ��
�	��� ��	  ������� ��	 �������� ���	��	�, 8 !���	
�& ��	 �	��� ���� ��	  ������� ��	 ���	��	� *��� ��	
F# # #G ����	 ������	� �� ��	 ��������	 ���&� 	 ���
���� ��	�# 5 5� ���	 ���� �� ���	��	� ""� &���
��	 ������ �� ��	 ��������	 ���&� 	, 8 !���	 �&
7<(F# # #GJFH H #G 	+��� �� �	 �����	� � ��	&	��	�
���	������� *��� ��	 FH H #G ����	 ������	� �� ��	
��������	 ���&� 	, 8 !���	 �& 7<(F# # #GJF4 = 5G
	+��� �� �	 ���� ��	� � ��	&	��	� ���	������� *���
��	 F4 = 5G ����	 ������	� �� ��	 ��������	 ���&� 	, 8
9# # #: ���	������� �& ��	  ������� �� ��	 �� �	���
���� �*� �& ��	  ����	� ���	�����	� ��� ������	� ��
��	 �� ���&� 	� *�	�	�� ��	 ���� �	��	��� ���� ��
��, ���, > ���*� ��	  ����	 �� 7<( *��� ��	 ��
��� 0�	��, )�	 �	��	� �� 45�7 �� ��� �	��	�	��	� ��
��	 ���	 ��	 �� ��* ���	����� ��� �� 	������� �&
��	 1�2 ���� &��� ���� �	��	�, ��*	!	�� �������
��	��� *	�	 &���� �� ���� �	��	�, ���� ���, >F�G� ��
��  �	�� ���� ��	 !���	 �& 7<(F# # #GJFH H #G �� �	��
����� &�� ���� ��� �  ������ �� ��	!���� ��� ��

�����, )�	 7<( !���	 �	 �	��	� *��� �� �	�����
�� ��� 0�	�� �� 	� � �	��	�, ���, >F�G ���*�
7<(F# # #GJF4 = 5G �� � &�� ���� �& �� ��� 0�	��,
)�	 ��	�� �� ������� �� &�� 7<(F# # #GJFH H #G ����,
)�	 �	����� ��	�	��	� �� ���, > ���� ��	� ���� ��	
���	������� �& ��	  �������  ����������� ��	 ���
��� 		�� ��*���� � ������ ���	������� ������
�� ���*��, 8 �������	 	.��������� &�� ��	  ����	
�� ���	������� &��� ��	 F# # #G ����	 ������	� �� ��	
��������	 ���&� 	 �� ��	 �	 ������ �� �	����� ��0

��� ��� 	 �� ��	 �� ���&� 	 ������ �� ���*�� ��
���� ��	�� �& ���0  ������� ���� ��	 ���&� 	 �& ��	
���*��� ��, )�	�	  ������� ��	 �	�� ��0	�� �� �	
���� �	� *��� ��	 9# # #: ������� ������	� �� ��	
��������	 ���&� 	 �	 ���	 ��	 �� ���&� 	 �� ��	!	�

�� �����	� �� ��	 B�� �������, 8� �	�����	�
��	!������� ��	 ����	� �&  ������� �	� ���� ��	�
�	 �	��	� *��� �� �	����� �� ��� 0�	��, )��� ��

�� ��	� �  ���	����!	 ���*�� �& ��	  �������  ��

��������� ��	 ���, 7���	����!	 ���*�� ��� ��
��	!���� *��0 	.�����	� ��	 ��	&	��	� ���	�������
�&  ������� �� ��;
���	 ��� DIE, 8������� �
 ���	����!	 ���*��  �� �	  �� ���	� &��� �3�
����	� �� ��	 ��	�	�� ������ ��	 �	 ������ �� �	

����� ��� 	�� �� ��	 ���� ��	�� �&  ������� &���	�
�� ��	 ���0 �& ��	 �����	��� �������� ���� ��	
���*��� ���&� 	 �� �������� ��� 	.�	���!	 �� ����*
� ��	&	��	� ���	������� �� �	!	���,

)�	 ��J8� ����� �& ��	  �������  ����������� ��	
��  �� �/	 � ��	 �	��	����� ����	���	� �� �
�	�����	, )�	 �	����	 ��� ��	 ��� ���� �� �	
������	� �� 321, ��*	!	�� ��	 ��J8� ����� &�� ��	
 ������� &���	� �� ��	 ���0 �& ��	 �����	��� ����

���� *�� �	����	� *��� 321K � ��J8� ����� �& #,"
*�� ������	�,

���, >, F�G 7<( F# # #GJFH H #G ��� F�G 7<( F# # #GJF4 = 5G �� �

&�� ���� �& ��������	
���	 �� ��� 0�	��,

H= $% ����������� �� ��% & $���'����� ��! $���'����� $�������� (� )*+++, *-.(/



8 �����	� ���� ���	� *��� ��	 ��	�������� �&
��;
���	 �	����	 ��� �� ���� ��	� �	�� ��  �� 0
����  �� �������� ���� �������� ��S ����	� ��
�	�����	 ����� ������, ��� ��;
���	 ���	�����
�����	���	� ����� �	����������������� �����.

��	 �� � �	�����	� �  �� ������� ��� 	���	 �� �	 

	����� �� �	��!	 ��	 �	�����	 ���� ��� �� ��	� ��
��	 ���	 ���� ���	, ��*	!	�� �� ��������	
���	 �	

����	�� ��	 ���	� ��	 ������������� ����	� ��� �	� 	�
�� ������ �	 �������	 �� �	��!	 ��	 �	�������� ����
F)�8
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Abstract

Porous �-alumina supports with a pore size of 100 nm were seeded with colloidal TPA-silicalite-1 crystals with a size
of 120 nm. The seeded supports were calcined and treated in a synthesis solution free from organic template molecules to
form ZSM-5 films on the supports. According to SEM images, the films were about 2 �m thick and no defects could be
found on the as-synthesized membranes. Single gas permeation data was collected and good quality membranes (defined as
having a non-detectable permeance of SF6 after drying at 100◦C) were further evaluated using binary/ternary gas mixtures. The
selectivity for n-butane/i-butane had a maximum value of 17.8 at 220◦C. Water was selectively separated from a helium-diluted
vaporized water/ethanol azeotrope with a maximum selectivity of 12.4. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: �-Alumina; ZSM-5 film; TPA-silicate-1 crystal; Azeotrope

1. Introduction

Thin, supported zeolite membranes with well-defined
pores of molecular dimensions have the potential to
exhibit both high selectivity and high permeability and
operate under harsh conditions, such as elevated tem-
peratures and high pressure. The catalytic properties
of zeolites are well known. Thus, zeolite membranes
also have an excellent potential for applications in
catalytic membrane reactors. In such a configuration,
catalysis and separation of products can be performed
in a single unit operation. Even though some work
in this exciting field of research has been done [1,2],
most papers published deal with separation only. The
separation mechanisms are in many cases complex.
However, Keizer et al. [3,4] classified the permeation
results obtained for various two component gas mix-
tures on a silicalite-1 membrane by considering the

∗ Corresponding author.

occupancy on the external surface and the zeolite
pores as well as the mobility in the pores.

Various zeolite species with different pore size and
aluminum content, i.e. polarities, such as Faujasite
type structures [5,6], A-type structures [2,7–10] and
Ferrierite type structures [11] have been investi-
gated in membrane applications. The majority of the
work has however been on MFI-type structures, i.e.
silicalite-1 and ZSM-5. Many industrially important
species have a kinetic diameter similar to the pore
opening of MFI-type structures. As a consequence, an
MFI-type membrane has the potential to be a useful
separation device.

Usually zeolite membranes are synthesized by
direct hydrothermal treatment in a synthesis solu-
tion containing a templating agent which becomes
incorporated in the pore structure. By a calcination
procedure, the templating agent is removed in order
to make the molecular sieve microporous. It is well
known that this treatment may cause cracks, which
makes the membrane less effective. In the present

0920-5861/01/$ – see front matter © 2001 Elsevier Science B.V. All rights reserved.
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work, a method comprised of seeding the porous sup-
port with colloidal seed crystals followed by growth
of the seeds into a dense film was used to prepare
thin ZSM-5 membranes without the use of organic
template molecules in order to avoid the potentially
detrimental calcination procedure. ZSM-5 membranes
prepared in a similar way have previously been inves-
tigated by our group [12]. Low fluxes and poor selec-
tivities were found for an n-butane/i-butane mixture
in the temperature range investigated, probably due to
blockage of zeolite channels by adsorbed molecules
such as water and/or ammonia. In the present work,
selectivities and fluxes for n-butane/i-butane were
investigated at higher temperatures. Catalytic conver-
sion of ethanol into diethylether and ethylene will
also be discussed.

2. Experimental

2.1. Preparation of membranes

TPA-silicalite-1 seeds with an average size of
120 nm were prepared from a synthesis solution with
the composition 9 TPAOH:25 SiO2:360 H2O:100
EtOH. The synthesis solution was hydrothermally
treated for 2 days in an oil bath at a temperature of
100◦C. The alkali source was tetrapropylammoni-
umhydroxide (Sigma, 1.0 M aqueous solution) and the
silica source was tetraethoxysilane (Merck, >98%).
The seed crystals were purified by repeated centrifu-
gation followed by redispersion in a dilute ammonia
solution to obtain a seed sol. The dry content was
adjusted to 1.0 wt.% and the pH to 10.0. The zeolite
membranes were grown on asymmetric �-alumina
supports with an average pore size of 100 nm in
the top layer (Inocermic GmbH). The supports were
rinsed for 20 min in acetone and methanol and rinsed
in filtered (0.1 �m filter) 0.1 M ammonia solution.
Following cleaning, the supports were treated for
20 min in a solution containing cationic polymer
molecules (0.4 wt.% Redifloc 4150, Eka Chemicals),
adjusted to pH 8.0 by addition of a dilute ammonia
solution. The solution was filtered with a 0.8 �m filter
prior to use. The substrates were rinsed in a filtered
(0.1 �m) 0.1 M ammonia solution to remove excess
polymer. In the following step, the modified supports
were immersed in the seed sol for 20 min. The sol

was filtered with a 0.8 �m filter prior to use. No effort
was made to limit seed adsorption to the top layer of
the �-alumina disk. After adsorption of seed crystals,
the supports were rinsed in a filtered (0.1 �m) 0.1 M
ammonia solution to remove excess crystals. A cal-
cination procedure (500◦C for 4 h) was carried out to
remove template molecules from the adsorbed seed
crystals. Following calcination, the supports were im-
mediately placed in a synthesis gel for 12 h at 180◦C
to form ZSM-5 films. The synthesis gel was prepared
by dissolving sodium metasilicate (Na2SiO3 ·9H2O >

98%, Sigma) and aluminum sulfate (Al2(SO4)3·18
H2O, Riedel-deHaën) in water in separate beakers.
The contents of the beakers were carefully mixed and
a dilute silica sol (Bindzil 30/220, Eka Nobel AB)
was added. The molar composition of the resulting
synthesis gel was 30 Na2O:Al2O3:100 SiO2:4000
H2O. Following hydrothermal treatment, the samples
were rinsed thoroughly in 1 M NH3 and treated in a
ultrasonic bath in order to remove excess synthesis
mixture and sediments from the porous support.

A synthesis gel was seeded (0.05 wt.% silicalite-1
seed crystals) and hydrothermally treated for 12 h at
180◦C. The obtained product was purified and freeze
dried and used for XRD and EDX analysis.

2.2. General characterization

A Philips XL 30 Scanning Electron Microscope
(SEM) equipped with a LaB6 emission source was
used to study the thickness and morphology of the
membranes. Elemental analysis of the product formed
after seeding the membrane synthesis solution was
performed using an energy dispersive X-ray spec-
trometer (EDX, Link Isis) attached to the SEM. All
samples were gold coated prior to measurements. A
Siemens D5000 powder X-ray diffractometer (XRD)
running in the Bragg–Brentano mode was used to
collect XRD data.

2.3. Permeation measurements

Gas permeation measurements were performed in a
test facility based on the Wicke–Kallenbach technique.
The membranes were mounted in a stainless steel cell
equipped with graphite gaskets. The permeate and
retentate pressures were controlled by a regulating
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valve connected to a pressure transmitter through a
PID controller. The gases were fed to the system by
three mass flow controllers. The equipment allowed
two gases to be chosen without restrictions via a gas
manifold system containing magnetic valves. Helium
was used as sweep gas in all measurements. Liquids
were fed to the system with a syringe pump and va-
porized in an evaporator located in a heated zone kept
at 170◦C. A thermocouple (type K) was connected to
the membrane cell in order to record the temperature
of the separation process. All control and measure-
ment signals to and from the system were connected to
a data acquisition interface, controlled and monitored
by a commercial software package. An online Varian
3800 gas chromatograph (GC), with a column switch-
ing system allowing for separation of a wide range of
samples, was used for quantitative analyses of the gas
mixtures. The GC was equipped with a capillary col-
umn (J&W DB-1, 60 m, i.d. 0.32 mm, d.f. 5 �m) and
two packed columns (molecular sieve 13×, 45

60 mesh,
4 ft× 1

8 in. and Chromosorb 107, 80
100 mesh, 6 ft× 1

8 in.).
A thermal conductivity detector (TCD) and a flame
ionization detector (FID) connected in series detected
the separated components. In the case of single gas
permeation measurements, a flowmeter (ADM 1000,
J&W Scientific) was used to measure flow rates higher
than 15 ml/min (STP). At lower fluxes, soap bubble
flowmeters (1 and 25 ml) were used.

Single gas permeation measurements (H2, N2, He
and SF6) were performed at room temperature with a
feed gas applied at 5 bar absolute pressure. The per-
meate pressure was maintained at 1 bar absolute pres-
sure. No sweep gas was used and permeances were
calculated from the measured flow. The membranes
were dried in air at 100◦C for 12 h prior to measure-
ments. In one experiment, the permeance of SF6 for an
as-synthesized membrane was monitored as a function
of temperature during drying in the stainless steel cell.

Butane isomers were mixed in a 50/50 kPa mixture
which was fed to the membrane cell at a total vol-
umetric flow rate of 200 ml/min (STP). No absolute
pressure difference was applied over the membrane.
Helium was used as sweep gas at a volumetric flow
rate of 200 ml/min (STP). The permeate and retentate
were analyzed with a GC. Three experimental series
were performed with butane isomers. In the first
series, referred to as Run 1, the membrane was slowly
heated up to 80◦C (1◦C/min) after which permeation

tests were performed at up to 220◦C in 20◦C inter-
vals. After keeping the membrane at 220◦C for 12 h,
the temperature was reduced to 100◦C. Subsequently,
new permeation measurements at 20◦C intervals at up
to 400◦C were performed. This series will be referred
to as Run 2. During Run 2, pure isobutane was also
fed to the membrane at 260, 300 and 400◦C in order to
investigate whether catalytic isomerization of i-butane
occurred. In order to study the reproducibility of the
results obtained in Run 2 (after the membrane had
been exposed to elevated temperatures), new mea-
surements were performed upon cooling back to 320
and 200◦C. Run 3 will represent this final test series.

The volumetric flow rate of the ethanol/water
azeotrope (96%/4%) from the syringe pump was 0.2
or 0.1 ml/min. The vaporized azeotrope was mixed
with helium at a volumetric flow rate of 200 or
1000 ml/min (STP). The UNIFAC method was used
to determine the partial pressures of the components
in the feed stream yielding 4.3/25/71.7 and 0.58/3.4/
97 kPa water/ethanol/helium mixtures, respectively.
These two feeds were fed to the membrane that was
held at a temperature varying from 100 to 200◦C
with 20◦C intervals. Due to catalytic activity of the
membrane at higher temperatures two different selec-
tivities were calculated. One was calculated directly
from the results of the gas chromatography analysis
without any consideration of the reduction of ethanol
permeances due to the reactions below [13]:

C2H5OH → C2H4 + H2O,

2C2H5OH → C2H5OC2H5 + H2O

The other selectivity accounted for the conversion
of ethanol to diethylether and ethylene to give an al-
ternative measure of the selectivity of the membrane.
In this case, the quantities of ethanol and water were
corrected for the reactions based on the measured
amounts of diethylether and ethylene.

3. Results and discussion

3.1. Membrane morphology

Fig. 1(a) and (b) shows top and side view images
of a membrane. No pinholes or cracks could be found
on the as-synthesized films. Crystal aggregates were
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Fig. 1. Top (a) and side (b) view SEM images of an ZSM-5 membrane.

present on the film surfaces. Holes could be seen
from top view SEM images (not shown here), proba-
bly resulting from detached crystal aggregates. It was
however difficult to judge if these holes penetrated
the film. No continuous film was formed on the back
side of the support.

Even though the same synthesis procedure had
been utilized for all membranes prepared in this work,
the thickness of the zeolite layer varied between 1400
and 1800 nm. An exact determination was however
difficult due to the rough support surface.

XRD patterns were collected from membranes
prepared in this work. No other peaks than those
expected from ZSM-5 and �-alumina were obtained.
Fig. 2(a) shows XRD data from an ZSM-5 membrane
along with data recorded from the product formed

Fig. 2. XRD diffractograms for a zeolitic membrane (a); together with a powder reference sample (b).

after hydrothermal treatment of a seeded synthesis
solution. The relative intensities of the (1 3 3) peak
and the (0 5 1) peak are larger for the membrane sam-
ple compared to the powder (which is considered to
have a random orientation). This suggests a preferred
orientation of the crystals constituting the membrane
in accordance with findings previously reported [14].
For some membranes the effect was not as clear,
probably due to randomly oriented crystal aggregates
attached to the surface of the film.

The Si/Al ratio in the zeolite powder formed
after hydrothermal treatment of a seeded synthesis
solution was found to be 10 based on EDX analysis.
The zeolite film may have an even lower ratio due to
dissolution of the alumina support during membrane
synthesis and incorporation of the leached aluminum
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into the zeolite layer [15,16]. Thus, a high content of
adsorbed molecules such as water and ammonia in the
as-synthesized membranes can be expected due to the
polar nature of the formed zeolite. Since the mem-
branes investigated in this work were not thermally
pretreated, some of the adsorbed molecules can be ex-
pected to remain in the zeolite structure after drying at
moderate temperatures. This might affect the perme-
ation behavior of the membrane as demonstrated by
Funke et al. [17].

3.2. Permeation measurements

3.2.1. Single gas permeation measurements
In order to crudely evaluate the membrane quality,

each membrane was first tested in a single gas per-
meation experiment. Membranes with no measurable
permeance of SF6 after drying at 100◦C for 12 h, were
selected for further permeation experiments. Note that
all membranes had been prepared by the same proce-
dure. Thus, differences in permeation results are due
to synthesis reproducibility difficulties. Table 1 gives
a summary of the results obtained for selected mem-
branes. Even an extremely low permeance of SF6 dra-
matically affects the N2/SF6 ratio since the permeance
of N2 also remains very low in these cases (see M1,
M2, M4 and M6 in Table 1). This is probably due to the
blocking effects of adsorbed species present in the pore
structure of the membrane. A much higher permeance
ratio would have been expected from a completely dry
membrane since the N2 permeance probably would
be much higher and the SF6 would remain low, since
SF6 is expected to permeate mainly through defects.

Table 1
Single gas permeation measurements for selected membranesa

Sample Permeance (107 mol/m2 s Pa) N2/SF6

H2 N2 He SF6

M1 8.4 3.9 4.1 0.9 4.4
M2 3.1 1.7 1.8 0.4 4.4
M3 3.9 2.0 1.9 <0.001b >2000
M4 2.5 1.2 1.6 0.1 12
M5 1.2 0.62 0.7 <0.001b >620
M6 3.2 1.2 1.6 0.1 12
M7 1.6 0.58 0.92 <0.001b >580

a A transmembrane pressure difference of 4 bar was utilized.
b Undetectable.

Thus, the N2/SF6 ratio does not necessarily represent
the quality of a membrane that is not fully dried even
though Funke et al. [18] introduced the N2/SF6 ratio
as criterion for a good MFI membrane. They postu-
late that a permselectivity higher than 80 indicates a
good MFI membrane. Coronas et al. [16,19] also used
N2/SF6 permselectivity measured at room temperature
as an indication of ZSM-5 membrane quality. A per-
meation ratio as high as 259 was measured for zeolite
membranes grown on tubular �-alumina support. The
results presented here give permeation ratios greater
than 580 (based on the detection limit of the SF6 per-
meance) for good membranes, see Table 1. However,
a direct comparison may be inappropriate since the
membranes in this work were not thermally pretreated.

Table 2 shows previously reported N2 and SF6 per-
meances for MFI membranes. Even though the film
thickness in the present work was as low as 2 �m
the permeance was not very high compared to pre-
viously reported results for significantly thicker films
[15,19–22]. Xomeritakis et al. [21] reported (for an
MFI membrane with a thickness of 38 �m) a nitrogen
permeance similar to the present work. Gump et al.
[23] reported a nitrogen permeance four times larger
than in the present work. These two reported results
support our assumption that adsorbed species may be
present inside the zeolite pores. However earlier re-
ported ZSM-5 membranes synthesized in the absence
of template molecules [12,24,25] show significantly
lower permeances than in the present work, probably
also due to adsorbed species in the zeolite channels.

The effect of temperature on membrane stability
was investigated by studying the permeance of SF6 at
different temperatures. Fig. 3 shows the SF6 perme-
ance as a function of temperature for M7. As can be
seen, the permeance was very low up to about 250◦C
after which it dramatically increased. After cooling
the membrane back to ambient temperature the perme-
ance remained very high, as indicated by the arrow in
Fig. 3. A likely explanation for this result is the forma-
tion of defects in the film. In contrast to as-synthesized
membranes, cracks with a width of 50–200 nm were
found in the zeolite film after this test, see Fig. 4.
Dong et al. [26] described template-removal associ-
ated crack formation in MFI membranes. The present
work shows that cracks can form in MFI membranes
even if no template was present in the as-synthesized
membrane.
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Table 2
Comparison of N2, SF6 and butane isomers permeational properties (the temperature in K is given within brackets, if nothing is noted the
permeance was given at room temperature)

Film thickness (1/�m) Permeance (1010/(mol/m2 s Pa))

N2 SF6 N2/SF6 n-Butane i-Butane αn/i-butane

Present work 2 2000 <1 >2000 830 (493) 45 17.8
[25]a 6 0.14 0.006 23 0.1b (423) 0.15b –
[24]a 3 3.7 (378) 0.099 37 0.099b (378) 0.074b 2
[12]a 1.5 9.9 (418) 0.87 11.38 0.5b (418) 0.4b 0.7
[19] – 400 6.00 700 (410) 60 11
[15] 100 270 (418) 120 (423) 90 1.3
[21] 38 1600 160 10.00 320b 8.6b 37c

[22] 50 – – – 756 48
[20] – 8800 240.00 700 (350) 20 20

a Template free synthesized ZSM-5 membranes.
b Single gas measurements.
c Permselectivity.

3.2.2. Permeation of a 50/50 n-butane/i-butane
mixture

Fig. 5 illustrates the n-butane/i-butane selectivity as
a function of temperature for M3 and Fig. 6 shows the
permeances obtained in Run 1. During the first heating
cycle up to 220◦C (Run 1) the selectivity was close to
unity up to 160◦C and the permeance of both gases
was very low, approximately 5 × 10−10 mol/m2 s Pa.
Between 160 and 200◦C the selectivity increased
dramatically to 17.8. The permeance increased for
both n-butane and i-butane, see Fig. 6, although the
n-butane permeance increased much more resulting

Fig. 3. Permeance of SF6 for membrane M7 as a function of
increasing temperature and after cooling the membrane to room
temperature. A transmembrane pressure difference of 4 bar was
utilized.

in the higher selectivities. In Run 2 the selectivity
and the n-butane permeance were 6.7 and 13.7 times
higher, respectively, than in Run 1 at 105◦C (compare
Runs 1 and 2 in Figs. 5 and 6). This clearly indicates
that the zeolite pores were at least partly blocked by
adsorbed species at low temperatures during Run 1,
which reduced the permeance and selectivity. The
isomers probably permeated mainly through defects
or grain boundaries present in low quantities. The
selectivity reached a maximum of 16.7 at 220◦C.
Higher temperatures resulted in a lower selectivity.
In the temperature range 280–300 and 380–400◦C
some events took place, see Run 2 in Figs. 5 and 7,
which led to particularly sharp drops in selectivity.
Between these intervals, the permeance increased
more for i-butane than for n-butane, which might

Fig. 4. Top view SEM image of membrane M7 taken after SF6

permeation measurements conducted during drying up to 300◦C.
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Fig. 5. Selectivities for a 50/50 kPa n-butane/i-butane mixture for membrane M3 using helium as sweep gas.

be due to the formation of cracks in the zeolite film
or simply the effect of temperature on the transport
mechanisms. Others have observed an optimal tem-
perature for n-butane/i-butane selectivity with MFI
based membranes [19,20]. At 400◦C the selectivity
had dropped to 3.8. When decreasing the temperature
in Run 3 the high selectivities obtained in Run 2 were
not regained, see Fig. 5. At 220◦C the selectivity was
only 5.8 which is considerably lower than the maxi-
mum of 16.7 found in Run 2. The permeation of both
isomers was also much higher in Run 3 compared
to Run 2, see Fig. 7. The lower selectivities of Run
3 indicate that the molecules increasingly permeated

Fig. 6. The permeance of the butane isomers in Run 1 as a function of temperature. A 50/50 kPa mixture of butane isomers were fed to
the membrane and helium was used as a sweep gas.

through paths larger than the zeolite pores at higher
temperatures. However, these paths cannot be large
and/or numerous since the membrane was still able to
separate the two butane isomers. Even in Run 3 the
selectivity decreased with temperature which suggests
that part of the decrease in selectivity with temper-
atures greater than 220◦C observed in Run 2 was
caused by the effects of temperature on the transport
mechanisms. However, the particularly large changes
in selectivity between 280 and 300◦C and between
380 and 400◦C are mainly caused by crack/defect
formation due to the thermal instability of the
membrane.
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Fig. 7. Permeances of the butane isomers in Runs 2 and 3. A 50/50 kPa butane isomer mixture was used as feed and helium was utilized
as a sweep gas.

A catalytic isomerization of i-butane to n-butane
would have increased the apparent selectivities ob-
tained. Pure i-butane was fed to the membrane at 260,
300 and 400◦C during Run 2. At these conditions
no n-butane was detected in the permeate. Thus, the
selectivities presented in this work only represent the
separation ability of the membrane.

Noack et al. [24] prepared template free ZSM-5
membranes on �-alumina disks using the same syn-
thesis conditions as used in the present work as well
as in earlier work [12,14]. Permeances of mixtures
of n-butane and i-butane of two different composi-
tions (90:10, 10:90 mol.%) were studied. Low (<2)
selectivities were obtained. However, the temperature
range under investigation was 25–130◦C, and the
membrane was dried at mild conditions (150◦C at
10−3 mbar for 16 h) prior to measurement. Lai and
Gavalas [25] also synthesized template free ZSM-5
membranes with similar synthesis conditions as in
the present work with the exception that multiple
hydrothermal treatments were used. The membranes
were, in this case as well, dried under mild conditions
(vacuum 160◦C overnight). The permeation proper-
ties were similar to earlier reported results [12,24],
see Table 2. These results suggest a pore blocking
effect at low temperatures similar to what has been
observed in the present study.

The results obtained in the present work can be
compared with related studies as in Table 2. If nothing

is mentioned about the membrane test facility, similar
experimental conditions as in this study were utilized.
This is worth mentioning since the experimental set
up can have an influence on the results obtained [20].
Gump et al. [20] synthesized an MFI-type membrane
on a tubular �-alumina support. The Si/Al ratio of the
synthesis solution was 100 and it contained TPAOH
molecules as templates. A maximum selectivity of
about 20 and an n-butane permeance of around
7 × 10−8 mol/m2 s Pa was measured at a tempera-
ture of 80◦C. At ambient temperature the selectivity
was about 10 with an n-butane permeance of ap-
proximately 2 × 10−9 mol/m2 s Pa. These results are
similar to ours with the exception that the maximum
selectivity was found at 220◦C in the present study.
An MFI-type membrane (silicalite-1) was prepared
on a porous �-alumina disk by Keizer et al. [3]. A se-
lectivity of 52 at 25◦C was achieved with an n-butane
permeance of around 3.2 × 10−8 mol/m2 s Pa. After
heating the membrane to 200◦C, the selectivity had
dropped to 11, whereas the permeance increased to
about 4.2 × 10−8 mol/m2 s Pa. The thickness of the
membrane was around 3 �m. These results are similar
to the ones found in the present work. Butane isomer
separation measurements were performed on ZSM-5
membranes prepared on porous �-alumina supports
[19]. In contrast to the experimental methods used
by other groups mentioned above, a pressure drop
of 138 kPa was applied over the membrane and no
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sweep gas was utilized. The maximum selectivity for
these membranes was 11 and 6.2 at 135◦C. The Si/Al
ratio in the synthesis solution was 600 and 100 and
the synthesis was carried out in the presence of tem-
plate molecules. The selectivity dropped to 5.7 and 2
at about 240◦C. The permeances at maximum selec-
tivity were 6.5 × 10−8 and 1.1 × 10−7 mol/m2 s Pa.
One should keep in mind that the mass transport
through defects in the membrane probably increases
as a result of transmembrane pressure difference,
thus giving lower selectivities and higher fluxes. Gora
et al. [22] reported a separation selectivity of 48 and
an n-butane permeance of 756 × 10−10 mol/m2 s Pa
for a 50/50 n/i-butane mixture at room temperature
for a non-supported 50 �m silicalite-1 membrane. Al-
though the zeolite film thickness was approximately
25 times greater, the n-butane permeance was higher
than in the present work. This inconsistency may be
due to the presence of species, such as sodium in the
zeolite pore structure that partly block the microp-
ores in the present work. Xomeritakis et al. [21] used
seeds and prepared a ∼38 �m thick silicalite-1 mem-
brane. The permeation flux ratio of a 50/50 n/i-butane
mixture was 37 with an n-butane permeance of
318 × 10−10 mol/m2 s Pa, i.e. similar to the results in
the present work. On the other hand, Xomeritakis et al.
[21] reports a very different N2/SF6 flux ratio of 10.
This discrepancy may be due to the high aluminum
content in the film in the present work or simply due

Fig. 8. Separation selectivities for two different compositions of water/ethanol/helium mixtures. The dashed lines show the selectivities
after compensating for products (ethylene, diethylether and water) formed by dehydration of ethanol catalyzed by the membrane.

to the fact that the membrane was not completely dry
when the N2 and SF6 permeances were measured.

3.2.3. Permeation of a ternary ethanol/water/He
mixture

Due to its polar nature, a ZSM-5 membrane with
high aluminum content is water selective in a water/
ethanol system in contrast to its aluminum free ana-
log silicalite-1 that is ethanol selective [27]. Thus,
the main separation mechanism in the system is dif-
ferences in polarities rather than molecular sieving.
Fig. 8 shows the selectivity for the separation of the
water/ethanol azeotrope diluted with helium as a func-
tion of temperature. True separation was observed
below 150◦C, whereas at higher temperatures it was
found that the membrane catalyzed the dehydration of
ethanol to form diethylether and ethylene, see Fig. 9.
At 200◦C the flux of diethylether and ethylene even
exceeds the flux of ethanol. To rule out the support
as responsible for the catalysis the same experimental
conditions were used, but a support without zeolite
film was mounted in the cell. No diethylether or ethy-
lene could be found in the permeate in this case. In the
case of a poor quality zeolite membrane, low product
concentrations were found in the permeate, proba-
bly due to dilution with unreacted feed. No products
could be detected in the retentate from a good quality
membrane, which indicates that the reaction mainly
takes place in the zeolite pores.



118 M. Lassinantti et al. / Catalysis Today 67 (2001) 109–119

Fig. 9. Fluxes of ethanol, ether, ethylene and water as a function of temperature. The composition of the feed mixture was 0.58/3.4/97 kPa
water/ethanol/helium. Helium was used as a sweep gas.

The catalyzed reactions misleadingly increased the
selectivity based on ethanol and water. The dashed
lines show the calculated selectivity after compen-
sating for the formation of diethylether, ethylene
and water. From about 95 to 150◦C the selectivity
dropped with increased temperature. The selectivities
calculated from the reaction products indicate that the
large increase in selectivity obtained beyond 150◦C
was simply due to the consumption of ethanol by
the reactions. The selectivities calculated from the
reaction products cannot be considered to represent
the true water/ethanol selectivity. Lower selectivities

Fig. 10. Permeances of water and ethanol for two different water/ethanol/helium mixtures. A sweep gas (helium) was used.

were obtained for the less diluted azeotrope mixture,
see Fig. 8. This trend may be caused by pore blockage
by ethanol at lower dilution and/or effects of satu-
ration of water already at high dilution. Permeances
of water and ethanol are presented in Fig. 10. It can
be seen that the water permeance is higher at lower
partial pressures compared with the run with higher
partial pressures. The permeance of ethanol seems to
be independent of the partial pressure.

As far as we know, this is the first time gas phase
separation of the ethanol/water azeotrope has been
investigated using MFI-type membranes.
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4. Conclusions

A seeding technique was used to synthesize ZSM-5
membranes on porous �-alumina supports. The syn-
thesis was carried out in a gel free from organic
templates, making a calcination step unnecessary.
The as-synthesized membranes were dried at 100◦C
for 12 h prior to single gas permeation measurements
at room temperature. Membranes with no measurable
flux of SF6 were considered to be of high quality. In a
series of seven membranes, three were found to meet
this standard. From the permeation measurements of
an n-butane/i-butane mixture it was concluded that
a high drying temperature (>200◦C) is necessary to
make the zeolite pores available for gas permeation.
A maximum selectivity of 16.7 was measured at
220◦C. Beyond about 270◦C crack formation severely
deteriorated the performance of the membranes. The
formation of defects is at least partly responsible
for lower selectivities at elevated temperatures. All
membranes that were exposed to higher temperatures
showed the same tendency to form cracks. Experi-
ments with vaporized ethanol/water azeotrope diluted
with different amounts of helium were conducted.
At temperatures higher than 150◦C, the zeolite film
catalyzed the formation of diethylether and ethylene.
Higher selectivities were found for the more diluted
azeotrope, the selectivity was 12.4 at 100◦C.
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Na-A films were synthesized on porous α-alumina substrates using a seeding technique.
Effects of synthesis temperature, synthesis duration and gel composition on the morphology
of the films were evaluated. Higher synthesis temperature resulted in relatively more growth
of zeolite into the porous support compared to the film growth on top of the support. By using
a multi-step synthesis procedure at low temperature, thicker films with less growth into the
support could be prepared. Single gas permeation data indicates that as-synthesized films
prepared using the multi step synthesis procedure at low temperature are defect-free in
contrast to the other films prepared in the present work. The films prepared were all very
sensitive to temperature and crack formation was observed even when drying samples at
temperatures below 100oC.

1. INTRODUCTION

Zeolite membranes exhibit the unique property of having well defined pores of molecular
dimension. Thus high selectivity may be attained in separation applications. A high flux
through the membrane increases the efficiency and is therefore desirable. A thin membrane,
which offers less resistance to permeating species, is thus of great interest. However, such a
membrane has to be grown on a porous support, in order to achieve the required mechanical
strength. During the synthesis of supported membranes, siliceous species or zeolite may form
within the pores of the support and reduce the flux through the membrane. Thus, synthesis
methods limiting the zeolite formation to a thin film on top of the support surface is desired.
Both the n-butane flux and selectivity in the separation of a mixture of n-butane and i-butane
was improved for ZSM-5 membranes where the internal siliceous layer was assumed to be
both thinner and more crystalline [1]. A diffusion barrier was also used during ZSM-5
membrane synthesis. In this way, the thickness of the internal siliceous layer was decreased
and the crystallinity was increased [2, 3]. Both flux and selectivity in n-butane/i-butane
separation experiments were improved. Tsay et al. used a vapor phase regrowth to limit the
support pore plugging [4]. The present paper reports on the effect of temperature and
synthesis time as well as the composition of the synthesis gel on the growth of zeolite A into
and on top of porous supports.



2. EXPERIMENTAL

A synthesis solution with the molar composition 8 (TMA)2O: 0.2 Na2O: Al2O3: 5 SiO2:
406 H2O was used to prepare seed crystals at 60 °C for 96 h. The as-synthesized crystals were
purified and the solid content and pH in the final sol were adjusted to 1.0 % and 10.0,
respectively. Two-layered α-alumina discs with an average pore diameter of 100 nm in the
top layer were used as supports. The substrates were cleaned and treated for 25 min in a
solution containing cationic polymer molecules (0.4 wt% Redifloc 4150, Eka Chemicals),
adjusted to pH 8.0. The solution was filtered with a 0.8 μm filter prior to use. After rinsing in
filtered (0.1 μm) 0.1 M ammonia solution, the modified substrates were immersed in the seed
sol for 25 min and rinsed again. Following seeding, the samples were calcined in order to
remove the template molecules present in the seed crystals. Two different synthesis gels were
used, denoted S1 and S2. The molar composition of S1 and S2 was 2 Na2O: Al2O3: 2 SiO2:
35H2O and 4.3 Na2O: Al2O3: 2,5 SiO2: 111 H2O, respectively. S1 was prepared by mixing an
aqueous solution of sodium metasilicate (Na2SiO3⋅9H2O > 98 %, Sigma) with a suspension of
aluminum hydroxide (Riedel-deHaën). Aluminum metal (Riedel-deHaën) and sodium
hydroxide were dissolved in distilled water and then mixed with an aqueous solution of
sodium metasilicate (Na2SiO3⋅9H2O > 98 %, Sigma) to obtain S2. The samples were treated
for 1, 3 and 6 h at 100 °C using S1. The synthesis temperatures and duration were 50 °C for
20.5-96 h, 75 °C for 1-12 h and 100 °C for 1-3 h, respectively, when S2 was used. A repeated
synthesis procedure was also carried out at 50 and 75 °C, where fresh synthesis gel S2 was
added periodically to the cooled and rinsed samples. The samples were characterized by
Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD). Single gas permeation
experiments (H2, N2, He, SF6) were carried out at room temperature with a feed pressure of 5
bar, the permeate pressure was 1 bar.

3. RESULTS AND DISCUSSION

The main objective of this work was to investigate the possibility of applying the seed-film
approach [5] for the preparation of thin continuous films of zeolite A on porous substrates, i.e.
effective zeolite A membranes. The initial approach involved seeding of α-alumina substrates
with colloidal zeolite A crystals of 140 nm to facilitate growth of the film. The seeding
resulted in a monolayer coverage of seed crystals which were situated solely on the surface of
the support. A SEM image of the seeded support is shown in Figure 1. No penetration of
crystals into the top layer of the support was observed. Neither was such a penetration
expected since the nominal pore size of the surface layer of the support is about 100 nm, i.e.
smaller than the size of the seed crystals. Seeded substrates were subjected to the synthesis
gels at various temperatures and for various duration. Some results of these experiments are
listed in Table 1 together with sample designations and the conditions used in the specific
preparations.



Fig. 1. A SEM image of a seeded support.

Table 1
Experimental details, film thickness and H2 permeance (10-7 mol / m2 · s · Pa)

Sample code
(synthesis gel

code)

Synthesis
temp / °C

Synthesis
duration / h

Average film
thickness / nm

Average
penetration
depth / nm

H2
Permeance

M1 (S1) 100 3 600 2400 18
M2 (S1) 100 6 1000 5400 0.13
M3 (S2) 50 24 500 280 16
M4 (S2) 50 48 250 750 200
M5 (S2) 50 24+24 850 350 1.7
M6 (S2) 50 24+24+24+24 1450 700 0.62
M7 (S2) 75 3 400 1440 21
M8 (S2) 75 6 500 1500 0.14
M9 (S2) 75 9 600 1200 130
M10 (S2) 75 3+3 1000 2300 0*
M11 (S2) 75 3+3+3 1700 1000 0*
M12 (S2) 100 1 600 2500 0.26
M13 (S2) 100 3 500 3000 860

* Not detectable

Use of synthesis gel S1 and a synthesis time of 3 h at 100oC resulted in a smooth continuous
film with a thickness of 600 nm (M1) as estimated from the side-view SEM image of this
sample shown in Figure 2. After 6 h of synthesis using this gel, the film thickness reached
1000 nm. XRD showed that both the film and the material crystallized in the bulk phase
consisted mainly of zeolite A with minor amounts of FAU-type zeolite and sodalite (bulk
only). Using synthesis gel S2, a temperature of 75oC and a synthesis time of 3 h resulted in
the formation of a continuous film with an approximate thickness of 400 nm (M7). Prolonging
the synthesis time to 6h and 9 h, resulted in a further growth of the films to a thickness of
about 500 (M8) and 600 nm (M9), respectively. A SEM side-view image of sample M8 is
shown in Figure 2.



Fig. 2. Side view SEM images of membranes synthesized in S1 at 100 °C M1 (a), S2 at 50°
M3 (b) 75° M8 (c) and 100 °C M12 (d). The thickness of the film on top of the support is in
the range 500-600 nm for all samples.

Further prolongation of the synthesis time, beyond 9 h, resulted in a slight decrease in the film
thickness. XRD analyses of these samples showed that the films consisted of zeolite A.
Samples were also prepared using this synthesis gel (S2) and a synthesis temperature of 50oC.
A synthesis time of 24 h at this temperature (M3) resulted in a continuous film with a
thickness of about 500 nm  whereas a longer time, 48 h, resulted in a considerably thinner
film, about 250 nm (Table 1). A side-view SEM image of the former sample is shown in
Figure 2. XRD analyses of these films showed that they consisted of zeolite A, although
traces of FAU type zeolite could be found after more than 24 h of hydrothermal treatment. An
observation common for all these preparations is that they result not only in films on the
surface of the support but also in a substantial growth of zeolite into its porous top-layer. The
penetration dept for the preparations discussed above, estimated from SEM side-view
analyses are given in Table 1. In most cases this penetration dept exceeds the film thickness,
the only exception being the first sample prepared at 50oC. Moreover, the penetration depth
for a given film thickness increases with increasing synthesis temperature or if gel S1 is used,
as demonstrated by Figure 2. Based on experience with the preparation of MFI-type



membranes it is strongly believed that excessive intergrowth of the zeolite and the support is
detrimental in membrane applications, mainly because it affects the thermal stability of the
resulting membrane and tends to result in the formation of cracks. Even if crack formation
could be avoided, however, intergrowth is highly undesired since it limits the flux through the
membrane. This in combination with the fact that the possibilities to control film parameters,
such as thickness, in a one-step preparation turned out to be limited, led to the use of an
alternative approach involving a multiple-step growth procedure.

Repeated synthesis at the temperatures 50° and 75°C were carried out using synthesis
mixture S2. When applying syntheses in two or three steps at 75°C, samples M10 and M11,
gradually thicker films were obtained. In this case, the zeolite penetration dept into the
substrate did not follow the increase in film thickness. Figure 3 shows SEM side-view images
of samples prepared using the multi-step approach with 2 and 3 steps of 3h at 75°C. For
comparison, samples prepared using identical conditions and the same total synthesis times
but in one single step are also shown  in the Figure. Despite the fact that the three-step
synthesis resulted in an almost threefold increase in film thickness compared with the one-
step sample, the penetration dept of the two samples were essentially the same.

Fig. 3. Side view  SEM images of membranes synthesized for 6 and 9 h in one step M8 (a),
M9 (c) and in several steps M10 (b), M11 (d).



The samples prepared using the two types of procedures also differed significantly in surface
morphology. Whereas the sample prepared using a single step showed a rather rough surface,
see Figure 4 (a), the one prepared according to a two-step procedure was considerably
smoother (b).

Repeated syntheses, in two or four steps, were also performed at a crystallization
temperature of 50°C. In analogy with the observations for the 75° samples the film thickness
increased with an increasing number of steps whereas the growth of the zeolite into the
support remained at the same level or was even smaller than that of the single-step sample.
Four steps of 24 h each at 50°C resulted in a film with a thickness of about 1450 nm and a
penetration dept of ca 700 nm compared with a corresponding thickness of 250 nm and a
penetration dept of 750 nm for the sample prepared in one step of 48 h. No defects in the form
of pinholes or cracks could be observed in the SEM images of any of the samples prepared
using a multi-step procedure at 50°C. Cracks were sometimes observed in films synthesized
by the multi-step procedure at 75°C, as illustrated by Figure 4 (b). XRD of all the samples
prepared using this technique showed that they mainly consisted of zeolite A, only traces of
FAU type zeolite were found. The relative intensities of the zeolite A peaks in all film
samples were essentially identical with those recorded for a powder reference sample,
indicating a random orientation of the crystals constituting the films.

In order to further evaluate the existence of defects in the films, single gas permeance was
measured on as-prepared samples, dried in air at room temperature. It should be noted that the
samples were not dried at elevated temperatures or calcined prior to the measurements
wherefore the zeolite is expected to be fully hydrated and blocked by adsorbed water. Thus,
gases are expected to permeate solely through defects. A low or non-detectable gas flow
through the films is therefore an indication of a continuous film with a low density of defects.
Results of single gas permeation measurements for selected samples are reported in Table 1.
For both synthesis gels and for all synthesis temperatures used in the single step procedure a
trend can be observed. The gas permeance generally decreases with increasing thickness of
the film on the surface of the substrate. All samples prepared in this manner (possibly with the
exception of M2 and M8) do, however, show a significant permeance indicating the existence
of a substantial density of defects in the zeolite layer.



Fig. 4. SEM images of films synthesized at 75 °C in S2 for 6 h by one-step synthesis M8 (a)
and repeated synthesis (3+3 h) M10 (b).

 The samples prepared using multiple-step growth, on the other hand, all show a relatively
low or even undetectable permeance. The results presented in Table 1 indicate that the
permeance decreases with increasing number of steps and that a synthesis temperature of
75°C is preferential, yielding in both cases a virtually non-permeable zeolite layer. These
results are in agreement with the findings of Kumakiri et al. [6] who found that the selectivity
for  dehydration of ethanol in pervaporation could be improved by repeating the membrane
synthesis procedure. Permeances for both hydrogen and SF6 were measured for all samples in
the present study. The ratio H2/SF6 was in all cases within a range 3.1-5.3. This indicates that
the assumption of permeance through defects larger than the zeolite pores is valid since a
considerably higher ratio would be expected if mass transport through zeolite pores would
predominate. In order to test the actual membrane performance of some of the materials,
attempts were made to remove adsorbed water prior to or during evaluation. Figure 5 shows
the permeance of SF6, N2 and He for sample M2 as a function of temperature in the
membrane cell. Due to blockage by water, all permeances are very low at 25°C. A rapid
increase of the permeance of all gases was then observed indicating permeance through non-
selective passages through the membrane. The selectivities obtained are in fact lower than
those expected assuming a Knudsen type flow through the membrane. This, in combination
with the high fluxes clearly indicates that defects (cracks) are formed in the membrane upon
drying. From these experiments it is thus obvious that membranes prepared by the application
of the methods used in the present work are very sensitive to moderately high temperatures. In
fact they appear to be so sensitive that mere drying at below 100°C may induce crack
formation, sometimes crack formation was even observed during recording of SEM images.
Although the multi-step synthesis approach resulted in less crystallization within the pores of
the substrate the intergrowth was still significant. This may explain the low thermal stability
of the membranes.



Fig. 5. Permeance of He, N2 and SF6 upon drying membrane M2 at elevated temperature.

4. CONCLUSIONS

Zeolite NaA films were synthesized on porous α-alumina supports. It was found that the
tendency for the films to grow inwards into the support could be suppressed by application of
a repeated synthesis strategy. Conditions were established for the preparation of relatively thin
films virtually free from macroscopic defects. The materials were however very sensitive to
elevated temperatures as signified by crack formation upon drying. This may be associated
with the fact that the intergrowth of the zeolite with support pores still remained substantial.
Further precautions would be needed in order to prevent such intergrowth. A possibility
would be to combine the results of this study with recently developed masking techniques [7].
This may make it possible to prepare highly efficient zeolite A membranes applicable for
high-flux gas-phase separations.
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far and is not yet explained. Because of the deep penetration of the X-rays in the substrate (>100 μm), it is
very unlikely that a change in the α-alumina microstructure at the interface with the zeolite layer could be
monitored. Thus, it is unlikely that the effect is caused by the presence of the relatively thin zeolite film.
However, the interior of the substrate in the non-masked membranes contains zeolite (or siliceous species)
which may affect the thermal expansion of the α-alumina.

Figure 3. Change in the cell volume of the MFI powder (white diamonds), the MFI phase in sample N72 (white
triangles), the MFI phase in sample M72 (black squares) and the α-alumina in sample N72 (black circles) during

heating and cooling.

Figure 2. Change in the cell volume of the α-alumina substrate without a zeolite coating (black circles), in sample
N72 (white triangles) and in sample M72 (black squares) during heating and cooling.

Temperature (°C)

T
he

rm
al

ex
pa

ns
io

n
(%

)

-0.5

0.0

0.5

1.0

0 0500

0
Temperature (°C)

T
he

rm
al

ex
pa

ns
io

n
(%

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0500





708

Table 2. The % change of the unit cell dimensions of the MFI membranes and the powder reference before and after
calcination (room temperature).

Figure 4 shows the thermal expansion of the MFI unit cell axes during the heating cycle. Due to template
removal, there is a contraction of the cell parameters in all investigated samples during heating. However, the
contraction is larger in the powder zeolite and M72. During cooling (after template removal) the unit cell
axes expand in all the samples. However, compared to the as-synthesized phase, the calcined MFI structure
shows a contraction along the b- and c-axes and an expansion along the a-axis (see Table 2 and Figure 4), in
agreement with the literature [7, 9]. There are, however, some differences between the samples. As seen in

% change (at 25 °C) of the MFI after template removalSample
a-axis b-axis c-axis Cell volume

N72 +0.09 -0.03 -0.06 +0.02
M72 +0.15 ±0 -0.22 -0.04

MFI powder +0.05 -0.21 -0.18 -0.34

Figure 4. Change in the length of the unit cell axes of the MFI phase in N72 (black circles), M72 (white
circles) and zeolite powder (black triangles) during heating and cooling.
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Abstract

The effect of heating rate on thermal behavior of TPA-silicalite-1 during calcination and the reaction kinetics for TPA decomposition
were investigated. The cell parameters of the TPA-silicalite-1 during the heating cycles were determined with the aid of high temperature
X-ray diffraction data and the Rietveld method. The template decomposition is accompanied by a large contraction of the unit cell. The
unit cell dimensions during template removal are not affected significantly by the heating rate. Consequently, the rate of contraction is
approximately proportional to the heating rate. The intensity of some diffraction peaks changes during heating, especially the 101/011
and the 200/020 peaks. The intensity change of those peaks shows the same dependence with temperature as the TPA occupancy, indi-
cating that these parameters are related. An analysis of the kinetics for TPA decomposition based on the intensity change of the 101/011
and the 200/020 peaks was performed. The apparent activation energy (Ea) of the template decomposition in silicalite-1 determined with
the Kissinger and the Flynn–Wall–Ozawa methods was 138 (±25) and 138 (±29) kJ mol�1, respectively. The reaction order, determined
with the method of Kennedy and Clark, was close to 0.5 indicating that the rate-limiting step is mono-dimensional diffusion. Ea was 140
(±30) kJ mol�1, in good agreement with the results obtained with the other methods.

With the results presented here, it is possible to discuss possible effects of the heating rate on the crack formation frequently observed
in zeolite membranes during calcination.
� 2005 Elsevier Inc. All rights reserved.

Keywords: MFI zeolite; High temperature X-ray diffraction; Kinetic analysis; Membrane; Crack formation

1. Introduction

The MFI zeolite structure, including ZSM-5 and the
aluminum-free analog silicalite-1, has a two-dimensional
pore system consisting of sinusoidal channels running in
the [100] direction and intersecting straight channels
running along the [010] direction [1]. MFI zeolite can be
synthesized with Si/Al ratios in the range 5–1 [2]. For crys-
tallization of highly siliceous MFI, organic template mole-
cules (usually tetrapropylammoniumhydroxide, TPAOH)
are added to the synthesis mixture. These molecules are

trapped in the pores of the as-synthesized material. In order
to make the pores accessible to guest molecules, the organic
templates are removed by thermal decomposition at high
temperature, a process denoted calcination.

Zeolites often exhibit the unusual phenomenon of intrin-
sic negative thermal expansion (NTE), i.e. contraction
heating, which seems to be correlated to the type of channel
system [3,4]. Zeolites with two- or three-dimensional chan-
nel systems show NTE, which was suggested to result from
structural expansion into the pores and channels during
heating [4,5]. The positive thermal expansion observed in
a few zeolite types seems to be related to their high density
and one-dimensional pore systems [3,4]. Other factors
affecting the thermal behavior of a specific zeolite are
the Si/Al ratio [4], the extra-framework cations [4], the
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sorption/desorption of water [6,7], phase transitions [8] and
the removal of template molecules [9–12].

The thermal behavior of TPA-MFI during calcination
was extensively studied in the past [9–12]. The structure
contracts at temperatures above 300 �C. The temperature
interval where the contraction occurs coincides with the
template removal [9–12]. Furthermore, the unit cell of the
calcined framework is smaller than the as-synthesized one
[9,10,12,13].

Zeolites with MFI topology are often prepared in the
form of membranes and studied in separation applications,
due to their potential to separate compounds of industrial
interest. Usually, the membranes are prepared in the pres-
ence of organic template molecules. During calcination of
the as-synthesized MFI membranes, cracks in the zeolite
layer may form [14,15], possibly due to a difference in the
thermal behavior between the thin zeolite film (that con-
tracts during heating) and the support (that expands during
heating) [12]. Such a thermal expansion mismatch between
bonded materials may result in stress and cracks within the
composite. Cracks are not desired in membranes since they
offer non-selective transport pathways.

The calcination of zeolite membranes is usually per-
formed for several hours at 400–500 �C with a slow heating
rate from ambient to the calcination temperature. It is
common belief that a fast heating rate increases the risk
of crack formation in MFI membranes. Cracks within
large MFI crystals have been suggested to result due to
strain caused by trapped gaseous products unable to diffuse
out of the structure [9].

The effect of heating rate on template decomposition in
MFI crystals was previously studied by Gilbert et al. [16].
TG/DTA was used to determine the rate of weight loss
and temperature at maximum weight loss rate in order to
identify the conditions were the stress in the individual
crystals was at minimum. It was found that increased heat-
ing rate resulted in a higher temperature of reaction and a
faster rate of weight loss. Hypothetically, such conditions
increase the risk of intra-crystal cracks [16].

In the present work, the effect of heating rate on the
MFI structure will be studied by HT-XRPD and the Riet-
veld method for the first time. On the basis of the results,
possible effects of heating rate on crack formation in
supported MFI zeolite membranes during calcination will
be discussed. In addition, the apparent activation energy
of the template decomposition will be calculated using clas-
sical kinetic analysis methods of non-isothermal data.

2. Experimental section

Tetrapropylammoniumhydroxide (TPAOH; 40% water
solution, AppliChem), distilled water and tetraethylorthos-
ilicate (TEOS; >98%, Merck) were mixed and stirred for
48 h. The molar composition of the resulting clear synthesis
solution was 3TPAOH:25SiO2:1500H2O:100EtOH. The
clear synthesis solution was hydrothermally treated for
72 h under reflux in an oil bath holding a temperature of

100 �C. The product was carefully washed in distilled water
by centrifugation and redispersion. The procedure was
repeated three times. After washing, the crystals were dried
at 50 �C for 24 h and stored at room temperature for one
week before the HT-XRPD experiments. The crystals
prepared by this procedure have a tablet habit, with well
developed (010) faces and the other faces are curved
(Fig. 1). The average size of the main crystal is approxi-
mately 0.8 · 0.8 · 0.4 lm. In addition, considerably smaller
90� rotational intergrowths are present.

In situ XRPD data were collected using four heating
rates (3, 5, 10 and 20 �C/min). The data for the experiment
with a heating rate of 3 �C/min were collected using a Phi-
lips X�Pert PW 3701 powder diffractometer (Cu radiation)
equipped with a PMP 1600 hot chamber and a gas propor-
tional detector. The data acquisition time for each investi-
gated temperature was 13.75 min. A Panalytical h/h
diffractometer (Cu radiation), equipped with an Anton
Paar HTK 16 resistance heating chamber and a RTMS
X�Celerator, was used to collect data using higher heating
rates (5, 10 and 20 �C/min). In these experiments, the data
acquisition time for each experimental point was 3 min. In
each series, the time to reach maximum temperature was
determined not only by the heating rate but also by the data
acquisition time and number of investigated data points.
Hence, the average heating rate, defined as 475 �C divided
by the total time from 25 �C to 500 �C was 1.53, 4, 6.6
and 9.96 �C/min for the series 3, 5, 10 and 20 �C/min. All
experiments were performed in air and the sample temper-
ature was calibrated using known phase transitions and
thermal expansion of standard phases. The 2h region 6–
30� was investigated. Data were collected with 50 �C steps
during heating up to 500 �C. This temperature was held
for 1 h during which data were collected every 15 min.
For the heating rate 10 �C/min, data were collected also
during cooling and during a second heating/cooling ramp.
The use of a standard silicon powder (NIST640c) directly
mixed in theMFI powder allowed to determine the absolute

Fig. 1. SEM image of the as-synthesized silicalite-1 crystals.
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cell parameters at each investigated temperature and correct
for thermal expansion of the sample holder.

The MFI cell parameters at each temperature were
refined with the Rietveld method using the GSAS [17]
package and the EXPGUI graphical interface [18]. The
orthorhombic structure described in [19] was used as struc-
ture model. The thermal expansion coefficient of standard
silicon powder (640c) was taken from [20]. A multi-term
Simpson�s rule integration of the pseudo-Voigt profile
function was used. The atom positions and the isotropic
thermal parameters and occupancy factors were kept fixed
during refinements. The 2h zero shift, Lorentzian coeffi-
cients, scale factors and background were refined. The
Gaussian coefficient was kept fixed at the value obtained
for the RT data of the as-prepared sample. In order to fol-
low the template decomposition, a quantitative phase anal-
ysis was performed in which the orthorhombic MFI with
full and zero occupancy of the atoms in the template mol-
ecules, respectively, was refined as two separate phases. In
these refinements, the cell parameters for both structure
models were kept fixed at the previously obtained values.
Hence, only the background and the scale factors were
refined.

The kinetic analysis was performed using the a versus
temperature data (non-isothermal mode), where a is the
conversion factor defined as

a ¼ ITc � IT¼25 �C
c

Imax
c � IT¼25 �C

c

� �
; ð1Þ

where ITc is the sum of the 101/011 and the 200/020 peak
areas divided by two at temperature T and Imax

c corre-
sponds to the maximum value of Ic. Normally, the peak
area under investigation should be divided by the area of
a standard peak. However, the intensity of the standard
peak in this case was too low with the risk to introduce a
large error due to the uncertainty of the peak fit. However,
no significant variation of the standard silicon peak inten-
sity was observed in temperature. The Kissinger method
[21], the isoconversional method of Flynn–Wall–Ozawa
[22,23], and the method proposed by Kennedy and Clark
[24] were used. The first two methods were chosen since
the activation energy Ea of the template decomposition in
silicalite-1 can be determined without prior knowledge of
the reaction mechanism. In fact, according to the Kissinger
method, the slope of a plot of lnðb=T 2

pÞ versus 1/Tp is pro-
portional to the activation energy according to the follow-
ing equation:

ln
b
T p

� �
¼ � Ea

RT p
þ k; ð2Þ

where b is the heating rate, Tp is the temperature (expressed
in Kelvin) at which the reaction rate is maximum, R is the
molar gas constant and k is the rate constant. Based on
Doyle�s approximation of the temperature integral,
Flynn–Wall–Ozawa developed an alternative method to
calculate the activation energy;

ln b ¼ ln
AEa

R
� 1:052

Ea

RT
� 5:33� ln gðaÞ; ð3Þ

where A is the frequency factor and g(a) is the integral of
the kinetic model function f(a). Under the assumption that
the kinetic model function is invariant for all the runs, a
plot of lnb versus 1/T for a chosen value of a should be
a straight line with a slope proportional to Ea.

Kennedy and Clark proposed a method to perform a
kinetic analysis on a single set of non-isothermal data.
According to the method described in [24], the following
relation holds:

ln
bf ðaÞ
T � T 0

� �
¼ lnðAÞ � Ea

RT
. ð4Þ

A plot of the left side of Eq. (4) versus 1/T should result in
a straight line with the slope proportional to Ea. The
authors call this a ‘‘ln–ln plot’’. The Avrami equation [25]
[�ln(1 � a)]1/n was used as the kinetic model function f(a)
in the present work, as it was previously determined as suit-
able to describe the template decomposition reaction kinet-
ics in MFI type molecular sieves [11]. The reaction order
for the Avrami equation was determined according to the
following equation [24]:

ln½gðaÞ� ¼ n ln lnðAÞ � Ea

RT

� �
þ n ln

T � T 0

b

� �� �
; ð5Þ

where g(a) is [�ln(1 � a)] and n is the reaction order. Since
the quantity n[ln(A) � E/RT] is constant for any particular
value of T, a plot of ln[g(a)] versus ln [(T � T0)/b] will have
slope n. As the 3 �C/min data set contained most points in
the a-range 0.2–0.8, which is most reliable for this kind of
analysis [26], ln(A) determined from the intercept in the ln–
ln plot was fixed for the linear fit of the ln–ln plots for the
other series.

3. Results and discussion

Fig. 2 shows a sequence of XRPD patterns collected
during heating of as-synthesized TPA-MFI (b = 10 �C/
min). The relative intensity of several peaks changes with
temperature. The intensity of some reflections increases
whereas the intensity of others diminishes as the tempera-
ture increases. The strongest intensity increase is observed
for the low angle peaks (i.e. 101/011 and 200/020). These
intensity changes will be discussed later. A decreased inten-
sity is observed for the 501 peak and the 051 peak.

The agreement factors of the Rietveld refinements (as
defined in GSAS [17]) for the calculation of the cell param-
eters for the data collected with the heating rates 5, 10 and
20 �C/min were Rwp = 0.11–0.14 and v2 = 1.3–1.9. The
corresponding values for the series collected with a heating
rate of 3 �C/min were Rwp = 0.06–0.08 and v2 = 4.1–7.4.

Fig. 3 shows the cell parameters and the unit cell volume
as a function of temperature during heating of the as-syn-
thesized MFI powder. The cell parameters and volume
during cooling in the series collected with b = 10 �C/min
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are also displayed. All unit cell parameters and the unit cell
volume increase below 75 �C. In the temperature interval
75–275 �C, all unit cell parameters and the unit cell volume
first decrease slightly and then increase. A relatively large
contraction of all axes and the unit cell volume is observed
above 275 �C. During cooling the unit cell expands, as
observed for the 10 �C/min data set in Fig. 3 (dashed line).

Fig. 4 shows the evolution of the unit cell volume of the
sample collected with a heating rate of 10 �C/min. For this
particular sample, the heating cycle 25–500–25 �C was
repeated on the calcined material. Hence, a comparison
between the thermal behaviour of the TPA-MFI powder
and the calcined MFI powder is possible. The curve of
the TPA-MFI is shifted to higher cell volumes with respect
to the others. The two cooling cycles overlap perfectly. It is
interesting to observe that the second heating ramp is
shifted to higher cell volumes in the temperature range
25–375 �C with respect to the cooling ramps. This differ-
ence could possibly be explained by hysteresis due to
desorption and readsorption of water. A detailed discus-
sion is beyond the scope of this paper. However, the matter
is currently under investigation and will be reported in later
work. As shown in Fig. 4 (heating 2), NTE is observed in
the temperature range 175–500 �C in the calcined material.

Fig. 2. XRPD patterns collected during heating (b = 10 �C/min) of TPA-
MFI zeolite.
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Hence, the mechanisms causing NTE in TPA-silicalite-1
during calcination are probably not only due to the
removal of the template molecules. As the heating rate
affects the kinetics of the template removal reactions [16],
a dependence of the heating rate for the NTE mechanism
caused by template removal should be observed. However,
no such trends are evident in axis lengths or unit cell vol-
ume (Fig. 3). It is possible that such an effect is masked
by NTE which is not dependent on the kinetics, i.e. struc-
ture intrinsic mechanisms. Such a mechanism in zeolites is
explained on the grounds of the rigid-unit modes (RUM)
theory and is due to temperature-induced transverse vibra-
tions of two-coordinate bridging oxygen atoms which
causes a decrease in the distance between the Si atoms in
adjacent tetrahedral [5]. As a result, the structure contracts
during heating.

Since no clear trends in axis lengths or unit cell volume
are observed between the various heating rates, the unit cell
volume decreases faster when faster heating rates are
applied.

Another interesting observation is that the cell volume
of the calcined MFI is smaller than in TPA-MFI (see
Fig. 3). RT data of the calcined MFI are shown as uncon-
nected symbols. The difference is due to a contraction of
the b- and c-axis which is only partly compensated by an
expansion of the a-axis in the calcined form (Fig. 3). These
results are in concert with previous results [12,13]. The
change in % calculated for the 10 �C ramp is +0.077(5),
�0.141(4), �0.189(5) and �0.194(7) for the unit cell axes
(a,b,c) and cell volume, respectively. The standard devia-
tions within brackets were derived from the ones given by
the GSAS software. Qualitatively, the same result was
obtained for the other series. The minor difference observed
could be due to varying amount of adsorbed water mole-
cules that affects the cell volume of the calcined material
[6].

Fig. 5 shows the conversion factor a together with the
refined weight fraction of the calcined MFI structure as a
function of temperature for b = 20 �C/min. The agreement
between the curves is very good indicating a connection
between these separate observations. The refined occu-
pancy factor for the TPA molecules during calcination
was previously used as basis for a kinetic analysis of the
template removal reaction in TS-1 and Fe-MFI zeolite
[11]. In the present work, the kinetic analysis was based
on a conversion factor a calculated from the intensity
change of the low-angle peaks during template removal.
Fig. 6 shows a versus T for the different heating rates. In
this case, a clear trend is observed for varying heating rates
since the value of a directly mirrors the TPA occupancy in
MFI. In agreement with the results of Gilbert et al. [16], a
slower heating rate decreases the temperature of reaction.

Fig. 7 shows a plot of lnðb=T 2
pÞ versus 1/Tp. The appar-

ent activation energy, calculated from the slope according

Temperature (˚C)
0 100 200 300 400 500

U
ni

t c
el

l v
ol

um
e 

(Å
3 )

5310

5320

5330

5340

5350

5360

Heating 1
Cooling 1
Heating 2
Cooling 2

Fig. 4. The variation of the unit cell volume during heating to 500 �C
(heating 1) of the as-synthesized TPA-silicalite-1 followed by cooling to
RT (cooling 1). The heating ramp was repeated on the calcined material
and the unit cell variations are included in the figure (heating 2 followed by
cooling 2). The applied heating rate was 10 �C/min.

Temperature (˚C)
0 100 200 300 400 500

W
t%

 c
al

ci
ne

d 
M

FI
 / 

α

0.0

0.2

0.4

0.6

0.8

1.0
Wt% calcined MFI
Conversion factor, α

Fig. 5. The refined weight % of calcined empty MFI and the conversion
factor a as a function of temperature for b = 20 �C/min.

Temperature (˚C)
0 100 200 300 400 500

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

3 ºC/min
5 ºC/min
10 ºC/min
20 ºC/min

α

Fig. 6. The conversion factor a as a function of temperature for b = 3 �C/
min (d), 5 �C/min (s), 10 �C/min (.) and 20 �C/min (,). The conversion
factor was calculated on the basis of the integrated intensity of the low
angle peaks (see Section 2 for details).

M. Lassinantti Gualtieri et al. / Microporous and Mesoporous Materials 89 (2006) 1–8 5



to Eq. (2), is 138 (±25) kJ mol�1 with R2 = 0.985. Fig. 8
shows a plot of lnb versus 1/T for different a. The apparent
activation energy calculated from the slope of each curve
according to Eq. (3) is shown in Table 1. The average value
is 138 (±29) kJ mol�1. An advantage of this method is that
any changes in the mechanism of the reaction are immedi-
ately apparent as variations in the slope for different a. In
fact, Maciejewski suggests to use an isoconversional
method as a first test of reaction complexity [27]. The fitted
curves in Fig. 8 are parallel, indicating only one rate limit-
ing step.

Milanesio et al. successfully fitted the kinetic data using
the well-known Avrami equation [11]. Under the assump-
tion that the Avrami equation is valid for the reaction
kinetics in the silicalite-1 powder studied here, Eq. (5)
was used to determine the reaction order. The results are
reported in Table 2. In concert with previous results [11],
the obtained values for n (close to 0.5) indicate that the
reaction is limited by mono-dimensional diffusion [26].
Milanesio et al. [11] explained this result in terms of

preferred (mono-dimensional) diffusion of the reaction
products out of the crystal along the b-axis, which provides
the shortest diffusion path. The value of n will be set to 0.5
in the subsequent analysis. The plot of the left side of Eq.
(4) against 1/T for the 3 �C/min series is shown in Fig. 9.
From the slope of the plot for each b, the activation energy
was calculated (see Table 3). The apparent activation ener-
gies Ea determined from each experimental series are nearly
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Fig. 7. A plot of lnðb=T 2
pÞ versus 1000/Tp. According to the Kissinger

method, the slope is proportional to Ea (see Eq. (2) in Section 2). The
experimental error in the y-direction is within the plotted data points.
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Fig. 8. A plot of lnb versus 1000/T for different values of a. The slope of
each curve is proportional to Ea according to the method of Flynn, Wall
and Ozawa (see Eq. (3) in Section 2).

Table 1
The apparent activation energy, calculated from the slope of each curve in
Fig. 8, according to Eq. (3)

a Ea (kJ/mol) R2

0.3 136 (±26) 0.997
0.4 136 (±28) 0.985
0.5 142 (±29) 0.994
0.6 141 (±29) 0.985
0.7 137 (±26) 0.983

The R2 value for each linear fit of the curves in Fig. 8 is also reported.

Table 2
The reaction order n for each data set, determined from the slope of
ln[�ln(1 � a)] versus ln[(T � T0)/b]

b (�C/min) T0 (�K) n R2

3 483 0.32 (±2) 0.988
5 493 0.35 (±2) 0.992
10 520 0.43 (±3) 0.992
20 567 0.52 (±3) 0.997

T0 as well as the regression coefficient from the linear fit are also shown.
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Fig. 9. The ln–ln plot (Eq. (5), Section 2) for the data set collected with
b = 3 �C/min. The experimental error is within the plotted data points.

Table 3
The results from the kinetic analysis obtained by the method of Kennedy
and Clark [24] (see Eq. (4) in Section 2)

b (�C/min) Ea (kJ/mol) R2

3 140 (±16) 0.975
5 142 (±22) 0.944
10 139 (±26) 0.961
20 139 (±42) 0.936
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the same within the experimental error. Furthermore, Ea

determined in this way is in perfect agreement with that
obtained with the isoconversional Flynn–Wall–Ozawa
method as well as the Kissinger method.

On the basis of the results in the present work, it is pos-
sible to discuss potential effects of the heating rate on the
formation of cracks in supported MFI membranes during
calcination. Cracks are most likely formed during calcina-
tion as a consequence of accumulated thermal stress due to
a thermal expansion mismatch between the MFI film and
the support [12]. It is often assumed that a fast heating rate
during calcination of MFI membranes increases the risk of
crack formation [9]. However, Jareman et al. [28] reported
no correlation between b (0.2–5 �C/min) and the quality of
MFI membranes. In concert, cracks are also observed
using slow heating rates such as 0.2–0.5 �C/min [14,15].
The present work shows that the unit cell dimensions of
the MFI structure after template removal are practically
independent on the heating rate. Furthermore, the unit cell
dimensions at a certain temperature during calcination are
independent on heating rate. Hence, under the assumption
that the thermal behavior of the crystallites constituting a
supported MFI film has the same thermal behavior as the
crystallites in the powder, the residual stress at a certain
temperature during calcination of a supported film is inde-
pendent on heating rate. The stress cannot be minimized by
optimization of the heating rate. Therefore, the results in
[14,15,28] together with the results presented here strongly
support the hypothesis that cracks in MFI membranes are
a result of a thermal expansion mismatch between the MFI
film and the support. If the cracks are formed as a conse-
quence of a thermal expansion mismatch [12] and the con-
traction of the MFI unit cell is not affected by the heating
rate during calcination, no correlation of the crack forma-
tion and heating rate is expected. This was in fact con-
cluded in [28]. However, the present work shows that
the rate of contraction is dependent on heating rate as
expected. A possible effect of the contraction rate on the
crack formation process cannot be excluded. Nevertheless,
this factor did obviously not have an influence on the qual-
ity of the calcined membrane system studied by Jareman
et al. [28].

4. Conclusions

The MFI framework contracts during the temperature-
induced decomposition reactions of template molecules.
The unit cell volume is independent on heating rate and
consequently, the rate of contraction is dependent of heat-
ing rate. After complete template decomposition, the cell
parameters approach the same value regardless of the heat-
ing rate. The cell volume of calcined MFI at RT is smaller
than the TPA-MFI.

The intensity of some diffraction peaks is highly affected
by the template molecules occluded in the as-synthesized
structure. As the molecules are removed, the intensity of
those peaks changes. The most spectacular change can be

observed for the low-angle peaks (101/011, 200/020). The
agreement between TPA occupancy and the intensity of
the low angle peaks during heating indicates a dependency
between template occupancy and peak intensity. A kinetic
analysis based on the intensity change of the low angle
peaks was performed using three separate methods. The
calculated apparent activation energy for template decom-
position in air was 138 (±25) and 138 (±29) kJ mol�1 for
the Kissinger and Flynn–Wall–Ozawa approach, respec-
tively. The reaction order and apparent activation energy
were determined using the method of Kennedy and Clark.
The reaction order was close to 0.5 which indicates a diffu-
sion limited reaction with mono-dimensional advancement.
The apparent activation energy Ea was determined to 140
(±30) kJ mol�1, which is in good agreement with the
results obtained with the other methods.

The results presented here show that the unit cell param-
eters of MFI are not very sensitive to the heating rate. In
addition, the unit cell dimensions approach the same values
after calcination regardless of heating rate. Therefore,
assuming that the thermal behavior of MFI crystallites in
a supported film is the same as for MFI crystallites in pow-
der, the residual stress in the film at a certain temperature
during calcination is independent on heating rate.
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___________________________________________________________________________

Abstract

Cracks are frequently formed in α-alumina supported MFI membranes during

calcination. To better understand crack formation, in-situ powder diffraction

data was collected during calcination of a type of MFI membrane (ca 1800 nm

thick) which is known to crack reproducibly. In addition, data for MFI powder

and a blank support were also collected. Both a synchrotron radiation facility

and an in-house instrument were used. The unit cell parameters were

determined with the Rietveld method, and the strain in the direction

perpendicular to the film surface was calculated for the film as well as for the

support. The microstrain in the support was also estimated. Based on the results

obtained here, a model for crack formation in this type of MFI membrane was

proposed. The lack of cracks in other types of MFI membranes (ca 500 nm)

prepared in our laboratory is also explained by the model. In thicker MFI films,

the crystals are well intergrown. During heating, the MFI crystals contract and

the α-alumina support expands. Consequently, a thermal stress develops in the

composite which eventually leads to formation of cracks in the film and

structural defects in the support. In thinner films, the crystals are less well

intergrown and the thermal expansion mismatch leads to opening of grain

boundaries rather than cracks.

Keywords: MFI zeolite membrane; in-situ study; synchrotron powder

diffraction; crack formation; Rietveld method.

_________________________________________________________________________________
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1. Introduction

The potential industrial applications of polycrystalline zeolite membranes are

not fully explored. This explains the increasing number of papers and patents on

this specific topic. To this aim, MFI is a particularly interesting zeolite structure

topology due to the pores with a size close to the kinetic diameter of many

industrially important molecules. MFI zeolites with a high Si/Al ratio generally

require the addition of organic template molecules for the synthesis. Frequently

used organic templates are quaternary ammonium cations such as TPA+

(tetrapropylammonium). The template molecules are trapped in the zeolite

channels and are usually removed by calcination to activate the membrane.

For good separation performance, no alternative pathways in the form of

defects such as open grain boundaries, pinholes and cracks should exist in the

film [1-4]. Cracks are possibly the most troublesome type of defect and may

form during calcination [1].

In an early work, crack formation during template removal of MFI single

crystals (cube-shaped silicalite, fluoride-synthesized silicalite and vanadium-

containing silicalite) was investigated [5]. In large crystals (> 300 μm average

crystal size) some straight cracks along the c-axis developed at 260 °C. The

occurrence of straight cracks seems to be related to the dehydration of the

framework during the initial Hofmann elimination reaction of TPA. Random

cracking was observed in cube-shaped crystals larger than 150 μm (more severe

in larger crystals). These observations match the temperature interval in which

degradation of tripropylamine via β-elimination reactions occurs. It was

postulated that the development of random cracks was related to the formation

of carbonaceous species within the zeolite framework. Pachtova et al. [6]

studied the TPA removal in large silicalite-1 crystals of three different sizes. No

cracks were observed in the smallest crystal (Lc = 130 μm) after calcination in

air. In larger crystals, cracks developed in both air and nitrogen atmosphere. In
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the medium-sized crystals (Lc = 190 μm), cracks were found after complete

template removal, whereas in the largest crystals (Lc = 230 μm) they already

appeared after partial calcination. Hence, in concert with the results of Geus and

van Bekkum [5], the formation of cracks was apparently dependent on the

crystal size.

It is well known that a thermal expansion mismatch between bonded materials

may result in stress and consequently cracks in a composite. In fact, Geus and

van Bekkum suggested that cracks in supported MFI membranes were due to

thermal stress during calcination [5]. The MFI structure experiences a strong

contraction during template removal, which occurs in the approximate

temperature range 300-500 °C [5,7-9]. Instead, the α-alumina supports used for

MFI films expand during heating [8-10]. Furthermore, the unit cell of the

calcined framework is smaller than the as-synthesized one [5,7,9,11]. The

difference is due to the contraction of the b- and c- axes which is only partly

compensated by an expansion of the a-axis in the calcined form [7,9,11]. den

Exter et al. [12] studied b-oriented silicalite-1 films on dense silicon wafers.

Derived from crystallographic data for as-synthesized and calcined silicalite-1,

the authors reported that the change (%) in the unit cell dimensions after

calcination (ex-situ data) was –0.71, +1.05 and –0.105 for the a-, b- and c-axes,

respectively. Based on these results and a quantitative estimation of the a-and b-

oriented crystallites in the film, the calcined crystal layer would show an

expansion with respect to the as-synthesized film. In fact, a buckling of the

calcined crystal layer was evident. The cracks observed in the film were

attributed to compressive stress in the calcined layer.

To better understand the crack formation process in MFI membranes, the

thermal behavior of the porous support as well as that of the zeolite film must

be investigated. An appropriate technique is high temperature X-ray powder

diffraction (HT-XRPD) which allows to follow the d-spacings of the crystal

planes as a function of temperature. Consequently, the strain in the sample can
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be followed as a function of temperature by comparing the d-spacings in the

film with those in a non-stressed sample.

Dong et al. [8] performed a HT-XRPD study of silicalite-1 films on porous

yttria-doped zirconia (YZ) supports as well as ZSM-5 films on α-alumina

supports. The films were composed of randomly oriented crystals. The MFI

crystals formed in the bulk of the synthesis solution were also investigated. The

films were defective after calcination. Open grain boundaries were present in

the calcined ZSM-5 films whereas cracks were detected in the films of

silicalite-1. Thermal expansion curves of the composites were determined

during heating of the as-synthesized samples. It was shown that the MFI unit

cell experiences a large contraction during template removal, while the support

expands. During cooling, after template removal, the zeolite expands while the

support contracts. In addition, the thermal expansion of the various samples was

shown to be different. However, the strain in the films during the temperature

ramp was not reported, possibly because the different Si/Al ratios in the

samples masked the difference in unit cell dimension caused by strain in the

film.

Crack-resistantant MFI membranes were recently studied by Jeong et al. [10].

The authors performed a HT-XRPD study (using synchrotron radiation (SR)) of

a c-/(h0h) oriented MFI film with a thickness of about 10 μm. The film was

prepared on a thin mesoporous silica layer deposited on a porous α-alumina

support. They found that the crystals in the film experienced an in-plane

compressive strain (i.e. in the direction parallel to the film surface) during the

entire calcination procedure. It was speculated that this behavior possibly could

explain the lack of cracks in this system.

No HT-XRPD study of α-alumina supported MFI films which crack during

calcination had been reported. This recently prompted a preliminary HT-XRPD

investigation of such a film [9]. In addition, MFI powder was also investigated.

The Rietveld method was used to determine the unit cell parameters in the MFI
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film and the α-alumina support as well as MFI powder in-situ during the entire

calcination procedure (i.e. both heating and cooling) [9]. The different thermal

behavior of the film and the powder was attributed to tensile stress in the film

during heating. The results of the preliminary investigation were however not

sufficient to formulate a conclusive model for the crack formation process

observed in the α-alumina supported MFI films prepared in our laboratory

[1,9]. The present work is a natural follow-up of the preliminary study. For the

first time, the Rietveld method and high resolution HT-SRPD data were used to

investigate a type of MFI membrane (ca 1800 nm thick) which reproducibly

crack during calcination. The unit cell parameters of the MFI film as well as the

TPA+ occupancy were determined as a function of temperature during the entire

calcination procedure. In addition, the microstructure of the α-alumina support

was followed in temperature by pattern decomposition and Williamson-Hall

plots. HT-XRPD data collected with an in-house instrument were used to

determine unit cell parameters as a function of temperature for a blank α-

alumina support and MFI powder, which where used as references to calculate

the strain in the membrane. The information obtained in this study will be used

to formulate a model for crack formation. The model also explains the lack of

cracks in thinner MFI membranes (ca 500 nm) synthesized in our laboratory.

The model will be compared to those existing in the literature.

2. Experimental

Zeolite films were prepared on graded α-alumina filters (Inocermic GmbH,

Germany). The top layer is 30 μm thick with 100 nm pores and the bottom layer

is 3 mm thick with 3 μm pores. The zeolite film investigated by synchrotron

radiation was grown on a slice (20×3×1 mm) cut from the as-purchased α-

alumina filters using a diamond saw (Discotomo cutter). A full-size filter (∅ 25
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mm) was used for the preparation of the membrane investigated by an in-house

HT-XRPD instrument.

All supports were carefully washed with acetone, ethanol and a dilute (0.1M)

ammonia solution. Silicalite-1 seed crystals (with an average size of 60 nm)

were adsorbed on the supports as described previously [1]. Following seeding,

the supports were placed in a synthesis solution with the molar composition

3TPAOH: 25SiO2: 1500H2O: 100EtOH for 96 h in an oil bath holding a

temperature of 100 °C. The chemicals used were

tetrapropylammoniumhydroxide (TPAOH; 40% water solution, AppliChem)

and tetraethylortosilicate (TEOS; >98%, Merck). After synthesis, the samples

were carefully washed in a dilute ammonia solution. The samples used in the

present work should be identical (apart for the size of the sample studied by

HT-SRPD) to the ones labeled U-72 in a previous work by our research group

[1]. The zeolite film in this membrane type has a maximum crystal size of 400

nm on the top surface and a total thickness of 1800 nm. After calcination, these

membranes are reproducible defective and cracks with an average width of 30

nm are present in the zeolite film and support cracks are also present as has

been described earlier [1]. This type of membrane is thus suitable for studies of

defect formation and was selected for the present study.

The MFI crystals formed in the bulk of the synthesis solution during growth

of the film were carefully washed and subsequently dried. The crystals have a

tablet habit with well developed (010) faces and the other faces are curved. The

average size of the main crystal is approximately 0.8×0.8×0.4 μm. In addition,

considerably smaller 90° rotational intergrowths are present.

Powder diffraction data were collected at the Italian beamline BM08 (GILDA)

at the European Synchrotron Radiation Facility (ESRF), Grenoble (France). The

beamline configuration is described in detail elsewhere [13]. Figure 1 illustrates

the experimental set-up. The sample was mounted in a metal tube with an inner

diameter of 3.5 mm which allowed sample insertion without damage of the film
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surface and allowed the sample to expand during heating. The film was facing

downwards. The end of the tube was sealed using a cap with an insertion to

hold the surface of the sample in a horizontal position during the measurement.

A perforation (1 mm high and 12 mm wide) in the tube allowed the SR beam to

hit the sample from the side. The sample was heated by a hot air stream from a

heating gun placed vertically under the sample. The diameter of the hot air

stream was about 10 mm. Following sample insertion, the sample holder was

mounted on a goniometer head. Data was collected in parallel beam Debye

geometry using a wavelength of 1.0405 Å calibrated with FIT2D [14] against

the NBS-640b Si standard with a = 5.43094(4) Å at 298 K. The temperature

was monitored with a thermocouple positioned about half a mm below the

sample. A heating/cooling gradient of 3 °C/min was applied. The sample was

heated to 500 °C followed by a hour long isotherm and cooling back to room

temperature. Full diffraction rings were recorded at steps of 50 °C ± 3° with an

exposure time of 2 min, using an image plate (IP) detector, mounted

perpendicular to the incoming beam at a distance of 235.7 mm. The data

acquisition was thus performed using the full-plate mode, i.e. the slits in front

of the IP are removed and the whole diffraction pattern is recorded. The images

stored in the IP were recovered using a scanner with a dynamical range of 16

bit/pixel with a minimum pixel size of 50 × 50 μm2. The data were extracted

using FIT2D [14] and corresponds to the diffracted x-rays from the planes

parallel to the film surface.

The absolute cell parameters during heating of the α-alumina support alone

and a support coated with a MFI film were determined in separate experiments

using an in-house instrument. A Panalytical θ/θ diffractometer (Cu radiation),

equipped with an Anton Paar HTK 16 resistance heating chamber and a RTMS

detector, was used to collect data using the same temperature ramp as for the

synchrotron experiment described above. The sample temperature and

temperature induced vertical shift of the sample holder were calibrated using
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known phase transitions/transformations of standard materials and the thermal

expansion of standard Si NIST 640c, respectively. For each experiment, the

powder of the standards was finely dispersed over the investigated samples to

form a thin film of a few μm.

The same in-house equipment was used to collect in-situ data of the MFI

powder. The RTMS detector allowed fast data collection (3 min total

acquisition time for each investigated temperature). A θ/θ scan was carried out

in the region 6-30 °2θ. The use of a standard silicon powder (NIST640c)

directly mixed in the MFI powder allowed to determine the absolute cell

parameters of the MFI phase at each investigated temperature. In this case, a

heating/cooling gradient of 10 °C/min was applied, but the experimental

approach was otherwise the same as for the membrane (i.e. heating up to 500

°C followed by an hour long isotherm and cooling back to room temperature).

Rietveld refinements were performed using both SR data and data collected

with the in-house instrument. The refinements were performed with the GSAS

package [15] and its graphical interface EXPGUI [16]. The orthorhombic MFI

structure was used [17]. The structure model for α-alumina was taken from

Ishizawa et al. [18]. In the refinements using SR data, the cell parameters of the

α-alumina support at each investigated temperature were kept fixed at the

absolute values obtained using the data collected with the in-house

instrumentation. Hence, the absolute cell parameters of the MFI phase could be

determined using the α-alumina as internal standard. The peak profiles were

modeled using a pseudo-Voigt function with one Gaussian and one Lorentzian

coefficient. The cell parameters, 2θ zero shift, scale factor and background

(shifted Chebyshev function with 9 terms) were refined. The atom positions and

the isotropic thermal parameters and occupancy factors were kept fixed during

refinements of α-alumina. In the refinements of the MFI phase using SR data,

an overall occupancy factor for the different atomic species (C and N) of the

TPA+ molecule was refined.
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The thermal expansion ratio KT of the α-alumina substrate and the MFI film

was calculated (as defined earlier [8]):
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The strain (s) along crystallographic direction (l) was calculated for both the
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according to;
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where the MFI powder and the blank α-alumina support were used as

references (i.e. represent the non-strained bulk lattice).

To study the microstructure, the profiles of the α-alumina (SR data) were

investigated by means of pattern decomposition. Each peak was modeled with a

pseudo-Voigt (pV) function and the peak position, the Full width at Half

Maximum (FWHM), the maximum intensity and the shape parameter (η, the

mixing coefficient) for the pseudo-Voigt function were refined together with

parameters for the background. The refined values of the integral breadth (β)

and the mixing parameter (η) were used in a subsequent analysis. The integral

breadth of the Lorentzian (βL) and Gaussian (βG) components of the Voigt

function corresponding to the pV function can be determined according to the

following empirical formulas [19]:

2534156.0500484.1017475.0 ηη
β
β −+=

pV

L (3)
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( ) 22/1 44542.0659603.0998497.01812692.0184446.0 ηηη
β
β +−−+=

pV

G (4)

Applying the above equations to the powder pattern collected from the sample

(h(2θ)) and from a profile standard (LaB6) with no imperfection broadening

(g(2θ)), the line broadening due to the microstructure of the sample (f(2θ)) can

be calculated due to the additive property of the breadths of the Lorentzian

functions and the squares of the breadths of Gaussian functions:

f gh
LL Lβ β β= − (5)

( ) ( ) ( )2 22f gh
GG Gβ β β= − (6)

Equations (3) and (4) were used again to obtain the total integral breadth of the

f(2θ) function corresponding to the given peak.

The integral breadth in reciprocal units, * cosf
f

β θ
β

λ
= , was plotted versus

* 2sin
d

θ
λ

= in a Williamson-Hall plot [20]. In the plot, the reciprocal of the

intercept gives an estimate of the apparent size Dv of coherently-diffracting

domains and the slope is a measure of microstrain ε as shown in the following

equation:

** 2
1

d
Dv

f εβ += (7)
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Although this method is based on the approximation that the line profiles due to

size and microstrain are Lorentzian, which is unlikely in practice, the plot can

be used to give a qualitative indication of the sample microstructure [21].

The application of this method to the zeolite phase is prevented by peak

overlap due to the low symmetry of MFI and poor peak resolution which is an

intrinsic limit of the Imaging Plate configuration.

A sample for TEM analysis was prepared by mild grinding of the α-alumina

support surface followed by suspension in distilled water and deposition on a

Cu grid. A JEOL JEM 2010 instrument, equipped with a Link energy dispersive

X-ray spectrometer and a Gatan energy filter, operating at 200 kV was used for

a TEM study.

3. Results and Discussion

The agreement factors of the Rietveld refinements (defined in GSAS [14]) for

the calculation of the unit cell dimensions (SR and conventional data) were:

Rwp=0.09-0.15, Rp=0.06-0.09, R(F2)=0.15-0.20, χ2=1.5-2.0. These factors

indicate a good fit [22].

The preferred orientation of the zeolite crystals in the film was refined using

the March-Dollase model implemented in GSAS [15]. The best fit was obtained

with a ratio of 0.92 for the (501) crystallographic plane. This indicates that the

crystals in the sample exhibit a weak preferred orientation with the a-axis

perpendicular to the substrate surface, in agreement with previous observations

[1].

Figure 2 shows the refined a-axis (a), c-axis (b) and unit cell volume (c) as a

function of temperature (25-500-25 °C) for a blank α-alumina support and the

MFI coated support. In addition, literature data [23] for α-alumina powder is

included for comparison. As observed in the figure, the thermal expansions for

the α-alumina supports are in concert with data for powder. However, a slightly
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lower expansion is observed in the c-direction for the coated support compared

to the blank support, resulting in a smaller unit cell volume. Such a difference

in thermal expansion was also observed earlier [9] and indicates that the

thermal expansion of the support is affected by the presence of the zeolite.

Figure 3 shows the refined a-axis (a), b-axis (b), c-axis (c) and unit cell

volume (d) as a function of temperature (25-500-25 °C) for the MFI film (SR

data). For comparison, the refined cell parameters of the MFI powder (in-house

instrument) are also included in the figure. During heating, a first contraction

peak of the unit cell volume (see Figure 3d) is observed for both the MFI

powder and the film at about 175 °C. This contraction is attributed to

dehydration, which occurs before the template decomposition as reported by

Geus and van Bekkum [5]. Both the MFI powder and the film show a second

contraction of all the axes in the temperature range 275-500 °C (Figure 3). The

refined overall occupancy factor for C atoms in the TPA+ molecule in the MFI

zeolite film is given as a function of temperature in Figure 4. As the template is

removed in the same temperature range (275-500 °C) where the strong

contraction is observed, these events are clearly related. However, the negative

thermal expansion in the TPA-MFI during calcination is probably not only due

to the removal of the template. An intrinsic structure mechanism may also be

present as discussed in earlier work [7]. During cooling from 500 °C, the MFI

unit cell expands in all crystallographic directions. From Figure 3, it is clear that

the thermal behavior of the MFI film is different from that of the powder during

the entire temperature cycle. The b-axis in the film is much longer compared to

the powder. On the other hand, the c-axis as well as the a-axis in the film are

shorter.

At room temperature, the calcined MFI powder shows a contraction along the

b- and c-axes and an expansion along the a-axis resulting in a much smaller

volume compared to the as-synthesized phase. On the contrary, at room

temperature, the calcined MFI film retains the volume of the as-synthesized
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form, mainly due to a considerably larger expansion of the b-axis compared to

the powder. This peculiar behavior of the film was already reported in [9], and

could perhaps be explained by a lower Si/Al ratio in the film. In fact, the Si/Al

ratio of the synthesis mixture may decrease significantly during hydrothermal

treatment due to alkaline leaching of the α-alumina support [24]. Therefore,

some T sites could be occupied by Al even though no Al was added in the

synthesis gel. Meyers et al. studied the influence of Al substitution on the unit

cell volume in calcined ZSM-5 [25]. In the range 2.7-5.3 Al atoms/unit cell, the

unit cell volume exhibit a linear increase of 0.06 % for every Si atom

substituted for Al. The maximum number of TPA+ ions/unit cell that can be

accommodated in the MFI structure is 4 [17]. In the absence of other cations (as

in the synthesis solution used for the MFI films prepared in this work), the

TPA+ ions must compensate for the negative charge introduced by substitution

of Si for Al. Therefore, not more than 4 Al atoms/unit cell may be incorporated

in the MFI film studied here. Hence, considering the extreme case where the

powder and the film contain 0 and 4 Al atoms/unit cell, respectively, the

maximum volume difference between the powder and the film possibly

explained by a different Si/Al ratio should be 0.24 % according to the linear

equation of Meyers et al. [25]. The difference observed in our work (see Figure

3d) in the calcined materials at RT is much larger (0.43 %) and can therefore

not only be explained by an increased Si/Al ratio of the MFI film during

synthesis. In addition, the results of Meyers et al. also showed that the length of

all the MFI unit cell axes increases linearly with increasing substitution of Si

with Al [25]. Instead, here we observe a longer b-axis and a shorter c-axis in the

film compared to the powder (Figure 3). Therefore, the possible incorporation

of Al in the film does not give a satisfactory explanation to the observed unit

cell distortion nor the larger volume of the film with respect to the powder.

Instead, these results are possibly explained by internal strain in the film. In

Figure 5, the thermal expansion/contraction ratio KT of the MFI coated α-
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alumina support and the MFI film is shown as a function of temperature. It is

clear that the MFI coated α-alumina support and the MFI film behaves very

differently during calcination. The support experiences a large expansion while

the MFI film shrinks during heating to 500 °C. Obviously, the film should

experience an isotropic tensile stress in the plane parallel to the film surface

with a consequent strain in the direction perpendicular to the film due to the

effect of Poisson’s ratio. Here, it should be remarked that the unit cell

dimensions shown in Figure 3 were calculated based on diffraction data from

planes parallel to the film surface (see experimental). Hence, the length of the

unit cell axes mirrors the d-spacings of these planes and can therefore be used

to calculate the strain in the MFI film in the direction perpendicular to the film

surface using the length of the unit cell axes in the powder as a reference. The

results are shown in Figure 6. As the majority of the crystals are oriented with

the a-axis perpendicular to the film surface (see above), the strain along this

crystallographic direction is most representative for the film. Compressive

strain is observed for the a-axis, which increases with temperature up to about

325 °C where a sharp decrease in strain is observed. During further heating up

to 500 °C and subsequent cooling down to RT, a steady decrease in strain is

observed. A compressive strain in the direction perpendicular to the film

surface would be expected for crystals with a positive Poisson’s ratio which are

exposed to a tensile stress in the direction parallel to the film surface [26]. The

abrupt decrease in strain at 325 °C could be due to the formation of cracks in

the film, which releases the thermal stress and consequently the strain in the

direction perpendicular to the film surface. Additional cracks are probably

formed during further heating up to 500 °C, as the strain continues to decrease.

In fact, in-situ permeation experiments showed that cracks were formed in

ZSM-5 membranes in the temperature range 220-400 °C [27]. The steady

decrease in strain during cooling is attributed to a decreased thermal stress in

the direction parallel to the film surface, as the difference in volume between



16

the film and the support is reduced (Figure 5). The variation in strain with

temperature of c-oriented crystals shows more or less the same trend as the one

observed for the a-oriented crystals (i.e. sharp decrease at 325 °C and a steady

decrease during cooling). A more surprising result is the large out-of-plane

tensile strain of b-oriented crystals in the film (Figure 6), that actually increases

during cooling. This peculiar behavior is difficult to explained based on the data

presented here and should be investigated further in the future.

In Figure 2, it was shown that the thermal behavior of the alumina support

was effected by the zeolite film. In order to investigate this further, the strain in

the MFI coated α-alumina support was calculated at each investigated

temperature, using the non-coated support as reference. The results are shown

in Figure 7. A compressive strain is observed in the c-axis during the entire

temperature cycle. However, the strain increases during heating, which is

explained by an increased difference in thermal expansion between the support

and the MFI zeolite (see Figure 5). During cooling, the strain decreases as the

thermal expansion mismatch between the zeolite and the support decreases

(Figure 5). The strain along a hardly exceeds the experimental error. However a

slight compressive and tensile strain is observed during heating and cooling,

respectively. It should be remarked that the strain in the α-alumina support is at

least one order of magnitude smaller than that observed in the zeolite film.

Based on the available data, the observed overall compressive strain in the

direction perpendicular to the support surface (see Figure 7) is difficult to

explain. It is unlikely that the effect is caused by the thin zeolite layer on top of

the support (ca 1200 nm [1]). However, the film extends into the pores of the

support, forming a zeolite-support composite layer (ca 500 nm [1]). It is

possible that the negative thermal expansion of the zeolite surrounding the α-

alumina grains in this layer causes a net tensile strain in the support in the

direction parallel to the film surface Consequently, a net compressive strain
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should be observed (Figure 7) in the direction perpendicular to the film surface

due to the effect of Poisson’s ratio.

The microstructure (size and microstrain) for the α-alumina support in the

membrane investigated by SR was evaluated using equation (7), proposed by

Williamson and Hall [20]. Figure 8(a) shows the Williamson-Hall plot based on

data collected at 25 and 500 °C. The miller indices for the evaluated peaks are

indicated. A Williamson-Hall plot was constructed for each investigated

temperature. Figure 8(b) shows the microstrain of the α-alumina substrate as a

function of temperature. The linear fit of the plot based on room temperature

data gave a regression coefficient (R2) of 0.54. The calculated microstrain and

isotropic size was 0.012 % and 89 nm, respectively. The microstrain in the as-

prepared membrane indicates the presence of structural defects. Defects in

general are classified as point defects, line defects (dislocations) and planar

defects (such as stacking faults). Considering the nature of the crystal structure

of α-alumina, point defects, twins and stacking faults are ruled out. Hence, only

dislocations should occur here. The scatter of the points in the Williamson-Hall

plot, as indicated by the low regression coefficient value (R2=0.54), is another

indication for dislocations [28]. The observed isotropic size is reasonable

considering that the 30 μm thick top layer is composed of 100 nm grains. The

accuracy of the microstrain as a function of temperature is sufficient to reflect

an increase from ca. 0.014 % at 225 °C to about 0.025 % at 500 °C (figure 8b)

in correspondence with the temperature range of the template removal from the

MFI film. However, any significant line broadening anisotropy was not

observed in the patterns even for the high temperature data. It can not be

excluded that the anisotropic peak broadening, generally observed in materials

with a high density of dislocations [28], is partly masked by other factors which

contribute to the peak broadening and possibly to the poor peak resolution.

Such factors could be (i) thermal gradients which give an apparent variation in

the peak position because some grains have a variation in position and some
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others not; (ii) core/surface effects commonly observed in a polycrystalline

material with constraints of the grain boundaries to the grain movement itself.

Thus, the non-zero slope in the Williamson-Hall plots lead only to speculative

indications. Nevertheless, it is possible that part of the thermal stress, which

increases with temperature (as the difference in the thermal expansion

coefficients of the α-alumina substrate and the zeolite film increases), is

released via nucleation of dislocations in the support, probably on pre-existing

dislocations (as inferred by the occurrence of microstrain at room temperature).

The stabilization of the microstrain at 500 °C is possibly due to the fact the

stress decreases during cooling (as the difference in KT between the film and the

support decreases) and does no longer induce the formation of defects at a

microscale.

Figure 9 shows a bright field TEM image taken on a specimen from the

membrane that underwent the in-situ synchrotron experiment. The presence of

structural defects (likely dislocations) in the α-alumina support is confirmed.

The SAED diffraction pattern in the inset shows that the signal is transmitted

through a single crystal of α-alumina.

3.1. Model for crack formation

Based on the results of the present work and previous work [1] a model for

crack formation or absence of cracks in MFI membranes can be formulated.

The model is based on the following assumptions: (a) The crystals constituting

the MFI film are strongly bonded to the support. This assumption is supported

by the observation that the MFI film penetrates into the pores of the support [1]

which should result in a key-lock effect and a large contact area between the

two phases. (b1) In the case of relatively thick films (1800 nm, in present work

and membrane type U-72 in previous work [1]), the crystals in the film are well

intergrown. This assumption is supported by the fact that the cracks observed in
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the film after calcination does not only run between crystals but also within

crystals [1]. The cracks observed in the thick films [1] are typical channel

cracks (i.e. the lateral crack length is many times the film thickness) [29] which

propagate vertically down in the support. This indicates that the cracks were the

result of a tensile stress in the film [29]. (b2) In the case of thinner films (500

nm, membrane type M30 in previous work [1]), the crystals are less intergrown

and no cracks are observed.

Our model for crack formation is described as follows: During heating, the

MFI crystals experience a weak contraction at about 175 °C (dehydration) and a

strong contraction in the temperature range 275-500 °C (template removal).

Instead, the α-alumina support expands which results in a difference in the

expansion coefficients KT of the two phases inducing thermal stress in the

composite. In the case of a relatively thick film (b1), the thermal stress is

released mainly via crack formation. In addition, part of the stress is also

released via formation of structural defects in the α-alumina support. Despite

the formation of cracks, the thick zeolite film is not completely relaxed as a

tensile stress is present in the film also at room temperature (Figure 6). In the

case of a thin film (b2), less or no stress develops and the grain boundaries are

opened, as also suggested by Dong et al. [8]. In fact, defect distribution

calculations for this type of membrane showed that defects with a width of a

few nanometers are present [30]. These nano-defects are probably open grain

boundaries formed during calcination, according to our model. The type of

defects (cracks or open grain boundaries) formed in MFI membranes during

calcination should mainly be determined by the degree of intergrowth between

adjacent crystals in the film. If the crystals are highly intergrown, the bonds

between crystals and within crystals are equally strong and cracks may develop

even within crystals (b1). Less or no intergrown crystallites should result in the

formation of open grain boundaries upon calcination (b2) as also described by

Dong et al. [8].
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Dong et al. [8] proposed the following model for the formation of defects in

α-alumina supported MFI films (about 3 μm thick): The MFI film is chemically

bonded to the support after synthesis. The bonds to the support are stronger than

those between the crystallites and the thermal stress imposed on the film during

heating is released via opening of the grain boundaries. During cooling after

template removal, the MFI zeolite framework expands while the substrate

shrinks. The inter-crystallite gaps become narrower but will not return to the

original size because the calcined zeolite crystallites are smaller than the as-

synthesized ones. The inter-crystalline gaps in the activated α-alumina

supported MFI films were suggested to constitute the non-zeolitic micropores

obscuring the xylene separation performance of similar membranes [31]. This

model for defect formation coincides with our model in the case of less

intergrown films. However, it is important to point out that the thickness of the

film is not the only possible factor responsible for the crystal intergrowth and

the associated defect formation. In fact, Dong et al. [8] observed no cracks in

films which were considerably thicker than the one studied here and in [1].

Therefore, the synthesis conditions are probably important. Another factor

which probably has a large influence on the quality of the membrane after

calcination is the type of support and its properties (grain size, degree of

sintering etc). In fact, a large difference in the quality of calcined membranes

was observed for MFI films prepared on porous supports of α-alumina and

Yttria-doped Zirconia [8].

4. Conclusions

As-synthesized MFI membranes, which reproducibly crack during calcination,

were investigated by in-situ diffraction experiments. In addition, in-situ data

was collected for MFI powder and a non-coated support. The Rietveld method

was used to determine the unit cell parameters as a function of temperature for
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the MFI film and the powder as well as the MFI coated support and the non-

coated support. Hence, the strain in the direction perpendicular to the film

surface could be followed in temperature for both the MFI film and the support.

In addition, the TPA+ occupancy of the MFI film as well as the microstrain of

the α-alumina support were determined for each investigated temperature. It

was found that the unit cell of the MFI phase contracts during heating and the

template is removed. At the same time the α-alumina support expands. Due to

the thermal expansion mismatch, a thermal stress develops in the composite.

The stress is released by the formation of cracks in the film. The microstrain for

the α-alumina substrate increases during heating, in correspondence with the

temperature range of the template removal, and remains during cooling. Such

microstrain may be due to plastic deformation and subsequent strain relaxation

via formation of structural defects in the support. The results presented in this

work could also be used to explain the lack of cracks in thinner MFI

membranes prepared in our laboratory.
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FIGURE CAPTIONS

Figure 1 A sketch of the experimental set-up for HT-SRPD (see text for

details).

Figure 2. The refined a-axis (a), c-axis (b) and unit cell volume (c) as a

function of temperature for a blank α-alumina support and the MFI coated

support. Data from the temperature cycle 25-500-25 °C is reported. The dashed

line in each diagram represents α-alumina from the literature [23].

Figure 3. The refined a-axis (a), b-axis (b) and c-axis (c) as well as the unit cell

volume (d) as a function of temperature for the MFI film as well as MFI powder

in the temperature cycle 25-500-25 °C.

Figure 4. The refined TPA+ occupancy in the MFI film as a function of

temperature.

Figure 5. Thermal expansion ratio KT of the α-alumina support (full circles)

and the MFI film (empty squares) as a function of temperature.

Figure 6. The strain along different crystallographic directions in the MFI film

as a function of temperature. The direction of the strain is perpendicular to the

film surface. The inserted sketches show that the crystallographic planes along

b are under tensile strain while the ones along a and c are under compressive

strain.

Figure 7. The strain along the a- and c-direction in the MFI coated α-alumina

support. The direction of the strain is perpendicular to the support surface.
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Figure 8. (a) Williamson-Hall plots for the α-alumina support in the as-

synthesized membrane at 25 °C (filled circles) and 500 °C (empty circles). (b)

Microstrain in the α-alumina support as a function of temperature during the

temperature cycle 25-500-25 °C.

Figure 9. A bright field TEM image of a specimen of the sample that

underwent the in-situ synchrotron experiment, showing the presence of

structural defects. The SAED diffraction pattern in the inset shows that the

signal is transmitted by a single crystal of α-alumina.
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Figure 1
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Figure 2a
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Figure 2b
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Figure 2c
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Figure 3a
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Figure 3b
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Figure 3c
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Figure 3d
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8a
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Figure 8b
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Figure 9






