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Abstract 

Zeolites are crystalline aluminosilicates with molecular sieving properties and are widely 
used in industrial applications such as catalysis, sorption and ion-exchange. Zeolite 
membranes are highly interesting due to their capability to continuously separate 
molecules under severe conditions. The MFI zeolite structure has suitable pore diameter 
for many applications, and its thermal and chemical stability is high. In order to obtain 
high performance MFI membranes, a thin and defect free film is needed for high flux and 
high selectivity.

In this thesis, parameters affecting quality of zeolite membranes have been investigated. 
Different MFI-zeolite membranes were prepared using seed crystals and hydrothermal 
synthesis. Thereafter, membranes were characterized using scanning electron microscopy, 
single gas permeation measurements, porosimetry and separation experiments. The effect 
of grain boundaries was investigated by preparing membranes with small crystal size. It 
was found that a high amount of grain boundaries reduced the quality of the membranes. 
In another study, the effect of exposure to aqueous solutions was found to increase the 
amount of non-zeolitic pores in the membrane, and thus it decreased the quality of the 
membrane. However, no such effect was found for ethanol that was identified as a safe 
rinsing media. Membranes with different Si/Al ratio were also prepared and evaluated. It 
was observed that the Si/Al ratio of a MFI membrane influences the performance of the 
membrane. It was found that an increase of aluminium makes the membrane more polar 
which leads to an improved adsorption of, and selectivity for polar molecules. The effect 
of support invasion was also evaluated and the regularity and extension of the support 
invasion was observed to affect membrane quality. The effect of heating rate during 
calcination was investigated and no correlation between heating rate and membrane 
quality was observed. Calcination of membranes was studied in-situ by high temperature 
synchrotron radiation and a model for crack formation was postulated. 

In summary, this work has shown that in order to obtain high quality membranes, the 
amount of grain boundaries, the film thickness and support invasion should be controlled. 



To obtain the best performance of the membranes the Si/Al ratio should be chosen with 
respect to the application. Finally, water exposure affects the lifetime of the MFI 
membranes in certain applications. 
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1
Introduction

1.1 Background

Zeolites are porous crystalline aluminosilicates and are widely used in applications such 
as catalysts in the refining of petroleum or as ion exchangers in detergents. Zeolite 
membranes are commercially interesting due to the potential ability to separate molecules 
in continuous processes in industry. Advantages compared to other membrane types are 
high flux and selectivity due to well-defined pores and thermal and chemical stability. In 
high quality membranes the zeolite film must be thin for high flux and free from defects 
for high selectivity. To achieve high quality membranes, parameters controlling the 
properties of zeolite membranes must be understood. 

1.2 Scope of the present work 

In the present work, the influence of various parameters on quality of MFI type zeolite 
membranes is investigated. The aim is to understand how these parameters and processes 
effect membrane morphology and/or performance, and thus the quality of MFI 
membranes. The effect of the following parameters and processes were investigated: 

• Crystal size in the film 
• Exposure to aqueous solutions and ethanol  
• Zeolite deposition in the support pores, so called support invasion 
• The thermal expansion during calcination  
• Calcination rate 
• Si/Al ratio in the MFI film 
• Film thickness 
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2
Molecular Sieves and 

Zeolites

2.1 An introduction to molecular sieves and 

zeolites

A molecular sieve is a material that can separate molecules based on size and shape. A 
subgroup of molecular sieves is zeolites. Zeolites are natural and synthetic microporous 
aluminosilicates. The Swede Cronstedt reported for the first time about this new class of 
minerals in the 18th century and denoted it “zeolites” from the Greek word “zeo” and 
“litos” which means a boiling stone [1, 2]. The zeolite framework is a three-dimensional 
network of oxygen ions with either Si4+ or Al3+ situated in the tetrahedral sites. This 
framework may be described with the following formula: 

M2/nO ⋅ Al2O3 ⋅ xSiO2 ⋅ yH2O [2] 

M: exchangeable cation for example Li+, Na+ or  NH4
+

n: cation valance 

y: degree of hydration 

All known zeolite frameworks have been assigned with a three-letter code. Today there 
are more than 170 known framework structures [3]. For a given framework, the chemical 
composition can be varied significantly by varying Si/Al ratio and cations. Zeolites can 
also be depicted as a network of channels were the dimensions of the channel openings 
varies from zeolite to zeolite, ranging from 3 to 13 Å [2]. Zeolites are used in applications 
in primarily three areas; adsorption, catalysis and ion exchange. The most common 



6

application for zeolites is as water softener in detergents. Other applications are gas 
separation and as catalysts in the refining of petroleum [4, 5]. 

Zeolites are commonly prepared by hydrothermal treatment. The synthesis mixture 
mostly contains water, a silica source, an alumina source, a mineralizing agent and a 
templating agent.  The synthesis mixture is heated and the composition of the synthesis 
solution, synthesis time and synthesis temperature determines which zeolite that will 
crystallize. To remove the templating agent, the zeolite must be calcined after synthesis; a 
procedure where the zeolite is heated in air to decompose and burn the templating agent 
that is blocking the pores. 

2.2 MFI zeolite 

Figure 1 shows a MFI crystal with typical habit and pore geometry of the structure. MFI 
is one of the most commonly prepared zeolites and today the second most used structure 
in catalytic applications [6]. MFI zeolite is often used to prepare membranes due to 
suitable pore diameter and a relatively high thermal and chemical stability [7].  

Figure 1. MFI crystal with typical coffin habit. The channel system with the pore 
openings (nm) running in two directions is shown. 

The pore network consists of straight pores running in the b-direction and zigzag pores in 
the a-direction. This network also allows a molecule to move in the c-direction. The two 
different molecular sieves ZSM-5 and silicalite-1 both have the MFI structure. Silicalite-1 
is an all silica zeolite and ZSM-5 has a Si/Al ratio down to 10 [2].  
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2.3 Preparation of MFI zeolite 

Formation of MFI crystals is believed to be a complex process consisting of several 
different independent processes [8]. It can basically be viewed as pre-nucleation, 
nucleation and continued crystal growth. One possible process was presented by 
Schoeman [9] for the crystallization of silicalite-1 from a clear solution with TEOS as the 
silica source. In this case, the first step is hydrolysis of TEOS to form a silicate 
suspension with various silicate species, of which certain of these subcolloidal particles 
can be considered as nuclei. The silicate particles subsequently grow with an increase in 
temperature and by the supply of nutrients such as monomeric enclathered species.  

The templating agent used to synthesize MFI for the first time was TPA+ [10], a structure 
directing agent that promotes the formation of MFI over a wide range of chemical 
compositions [2, 8]. It is the charge, hydrophobicity and geometry of TPA+ that leads to a 
promotion of nuclei formation. Other organic ions such as TMA+ and TEA+ can also be 
used to crystallize the MFI structure, but the compositional range in which MFI will form 
will not be as wide as with the TPA template. The selection and amount of organic 
molecules will also vary the morphology of the final crystal [8, 10].  

The alkalinity also affects the crystallisation and in general an increase in alkalinity will 
lead to an increase in crystal growth rate [8]. In the case of some aluminosilicate 
solutions, an increase in alkalinity (above a certain threshold value) will lead to a lowered 
growth rate [8, 11]. For silicalite-1 particles, the increase in alkalinity (in this case 
TPAOH) will increase the number of particles and hence the particle size, but it will not 
decrease the growth rate [12]. 

The relationship between silica and alumina in a synthesis solution will determine which 
structure that will form and will also influence the Si/Al ratio of the structure formed.  An 
increase in alumina in the synthesis solution was found to decrease the crystal growth rate 
and the number of particles and hence increase the crystal size [11].  

2.4 Si/Al ratio 

The Si/Al ratio in a zeolite will affect its properties in several ways. The introduction of 
alumina in the structure will result in acidity and a zeolite that can be used in catalytic 
applications. The alumina content also determines the hydrophobicity of the zeolite, an 
alumina rich structure would be more hydrophilic [13] and hence more adopted for 
applications were the adsorption of polar molecules could be of use, for example water-
organic separations. The effects of introducing aluminium in the structure is thus believed 
to change the performance of the membrane [14, 15]. The increase in alumina also makes 
the zeolite less stable and the resistance towards acids also decreases [2].  

To change the Si/Al ratio in a zeolite, dealumination and desilication can be used. In acid 
dealumination, the aluminium is removed without seriously affecting the crystal structure 
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but affecting the acidity of the zeolite [16]. Desilication is the removal of silica from the 
zeolite framework by an alkaline treatment and was first performed to study the changes 
in the crystal when in contact with an alkaline media [17]. 

2.5 Alkaline and acid treatment 

The dissolution behaviour of zeolites is quite complex and will depend on the zeolite in 
question and the Si/Al ratio. Amorphous silica reaches a solubility minima at pH 7-8 and 
is thus soluble in both acids and bases but the solubility is substantially higher in bases 
[18]. The dissolution rate will also increase with increasing pH [18]. It is well-known that 
the alumina rich phases in natural zeolites are sensitive to acids [2] and in zeolites, 
alumina is also preferentially released at low pH [19, 20]. At higher pH, the dissolution of 
silica appears to be controlling the dissolution rate. In general the dissolution kinetics of 
zeolites over larger pH-ranges follow a clear “u-trend” with a high dissolution rate at low 
pH followed by a minimum in near neutral solutions and then an increase again with pH 
[19, 21]. The alumina content does not only affect the dissolution behaviour in acids, it 
has also been found to have an effect on the dissolution in bases. A high concentration of 
alumina in the zeolite stabilizes the structure and decreases the dissolution of silica at 
high pH [22].  

The increase of porosity in the zeolite, when in contact with an alkaline media, has been 
reported in several publications. Groen et al [23] reported an increased intracrystalline 
mesoporosity when treating the MFI structure with alkaline medias. Suzuki and Okuhara 
[24] suggested that the increased amount of pores were created in the amorphous phase at 
the grain boundaries of the MFI crystal upon alkaline treatment. Navajas et al [25] treated 
their mordenite membranes in alkaline solutions with different pH to create mesopores 
that would improve the separation performance. 
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3
Zeolite membranes 

Zeolite films have large potential in many application areas such as sensors, catalysts and 
membranes [26]. Zeolite membranes are very interesting due to high thermal stability and 
resistance towards solvents [7]. A zeolite membrane is a self- supported or a supported 
zeolite film. For mechanical stability, self supported films must be relatively thick, which 
results in low flux. In most reported works, supported films were grown on porous α- or 
γ-alumina [27-29], but films on other supports such as porous stainless steel [26], have 
also been reported. 

There are basically two different methods to prepare supported zeolite films; in-situ 
crystallisation and secondary or seeded growth. In in-situ crystallisation, zeolite crystals 
nucleate and grow directly on the support [30]. A variation of  in situ crystallisation  is 
the vapour transport method, were the support is coated with an aluminosilicate gel and 
subsequently hydrothermally treated in a vapour containing a template molecule in order 
to transform the gel into a film [31]. In the seeding techniques, seeds are attached to a 
support and subsequently grown under hydrothermal treatment. Several methods to attach 
seeds to a support have been reported [29, 32-34]. In the current work, the seed film 
method developed by Hedlund et al [29, 35] was used. In this method, the surface of the 
support is charge reversed by a cationic polymer and the seeds are then absorbed 
electrostatically. The seeds can also be attached by mechanical rubbing [36, 37] and dip-
coating [34]. An elegant method has been developed by Ha and co-workers [38]. In this 
method, that was also used by Lai et al [33, 39], seeds are covalently linked to the support 
by a silane coupling agent. The seeding techniques main advantage is its independence of 
surface nucleation. This provides control over film density, film orientation and film 
thickness.
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3.1 Separation in zeolite membranes 

Separation by zeolite membranes can occur by three different mechanisms, see Figure 2. 
One mechanism is molecular sieving where larger molecules are excluded from the pores 
due to their size, while smaller molecules can diffuse through the pores. Another 
mechanism is adsorption resulting in high concentration on the surface of strongly 
adsorbing molecules that leads to effective transport of these molecules through the 
membrane. The third mechanism relies on differences in diffusion rates. Molecules with 
high diffusivity may be separated from slower diffusing molecules. Diffusion in zeolitic 
pores is complex and attributed to several different mechanisms. The size of the 
permeating molecules determines which transport mode that will govern the diffusion. If 
the size of the permeating molecule is close to the size of zeolite pores in the membrane, 
the influence of surface diffusion is very pronounced [40]. For smaller molecules, both 
Knudsen diffusion and surface diffusion might occur simultaneously [40, 41]. 

Figure 2. Three mechanisms for separation in a zeolite film. 
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3.2 Properties of MFI membranes 

As discussed in the introduction thin and defect-free membranes are essential to obtain 
high quality membranes. There are a number of properties affecting membrane 
performance, some are general properties for zeolites such as Si/Al ratio and others, such 
as film texture, are specific for zeolite membranes and they will be discussed in the 
following sections. 

3.2.1 Crystal orientation 

Since the pore geometry is different in the a- and b-direction of MFI crystals the mass 
transport will also be different [7] and the orientation of the crystals in the film will affect 
the separation performance.  The orientation of crystals in a MFI film will depend on 
several parameters such as film thickness, orientation and habit of seeds, hydrothermal 
treatment conditions and the composition of the synthesis solution.   

In films prepared using seeds the final orientation of the crystals in the film will be 
determined by competitive growth, i.e. the fastest growing crystallographic directions will 
govern the final orientation [42-45]. Using TPA+ as a templating agent will lead to slow 
growth rate in the b- direction relative to the a- and c-direction. The orientation of the 
crystals in the seed-layer will have a large impact on the final orientation of the film. To 
obtain an oriented film, the seeds should be oriented in the desired direction when 
attached to the support surface. The habit of the seed will also influence the film 
orientation. If MFI twin crystals, with the a- direction in the twin as the fastest growing 
direction, are used as seeds, the final orientation will be a in thicker films and in thinner 
films it will be a mix of a and b [44]. Research groups have also shown that from 
randomly oriented coffin shaped seeds, thin films will have an oblique orientation (h0h) 
and thick films will be c-oriented [42, 46, 47]. By changing the templating agent and 
enhancing the growth rate in the b-direction and preparing a support with seeds 
preferentially oriented with the b-axis perpendicular to the support surface, a b-oriented
membrane was prepared by Lai et al. [33, 39]. 

3.2.2 Defects

A virtually defect free film is essential to obtain high selectivity for zeolite membranes. 
All pores larger than zeolite pores can be considered as defects. Pores with varying 
widths are defined by IUPAC as follows [48]: 

• Micropores dp< 2 nm 
• Mesopores 2 nm< dp< 50 nm 
• Macropores dp>50 nm 
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In macropores, bulk diffusion, with diffusivity coefficient of 10-5 m2/s will govern the 
diffusion and in meso- and micro-pores Knudsen diffusion with D ~ 10-6 m2/s prevails. 
The diffusivity in zeolites cover a large range from 10-19 m2/s to 10-8 m2/s [49]. The 
diffusivity through defects will thus be much higher compared to the diffusivity in zeolite 
pores [50]. Defective zeolite membranes will hence have high permeance and low 
selectivity.   

3.2.3 Grain boundaries 

Zeolite films are polycrystalline consisting of several crystals or grains. The grain 
boundaries can either be intergrown or open. If the grain boundaries are open they will 
act as non-selective pathways through the membrane and decrease the selectivity of the 
membrane. Lin et al. [51] proposed a micro-structural model, with microporous non-
selective intercrystalline pores that were assumed to be open grain boundaries, to explain 
the low observed xylene mixture separation factor. Lai et al. [33] speculated that the 
observed high selectivity in their b-oriented membranes was due to a decreased amount of 
open grain boundaries. If the grain boundaries are intergrown they might act as mass 
transport barriers, reducing the permeance through the membrane [7, 33]. 

3.2.4 Crack formation due to thermal expansion 

In 1995, Geus and van Bekkum [52] showed that the MFI zeolite lattice shrinks during 
template removal and expands upon cooling and that the calcined unit cell is smaller at 
room temperature compared to the unit cell in the as-synthesized zeolite. Geus and van 
Bekkum also suggested that the reason for crack formation was the mismatch in thermal 
expansion between film and support. In 1997, den Exter et al. [53] reported that MFI 
zeolite contracts in the a- and the c-direction but expands in the b-direction, when the 
template molecule is removed. Dong et al. [28] studied the microstructural development 
in a MFI membrane during calcination. It was reported that intercrystalline openings (i.e. 
open grain boundaries) in MFI membranes may increase upon removal of the templating 
agent due to the shrinkage of the zeolite. Dong et al. also speculated that with a too strong 
chemical bond between support and zeolite, a severe stress, which can cause cracks, may 
be induced in the film due to difference in thermal expansion between zeolite film and 
support.

To avoid crack formation during calcination, slow heating rates have been recommended 
[52], without supplying any experimental or theoretical evidence. To avoid cracks 
induced by thermal expansions, other methods without heating to remove the template 
molecule have also been tested. 

3.2.5 Support invasion 

To obtain high flux the zeolite films must be thin and consequently a support is needed 
for mechanical stability. Since the support is porous their might be deposition of zeolite in 
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the support pores, so called support invasion, during film synthesis. The support invasion 
might lead to a reduced permeance through the membrane by the creation of a longer 
effective diffusion path through the zeolite [54]. Several methods to minimize the support 
invasion have been reported. Yan et al created a diffusion barrier by polymerising a 
mixture of furfuryl alcohol and TESO in the support pores [55] and Lai et al. [33] coated 
their supports with mesoporous silica before film growth, which was claimed to eliminate 
stress induced crack formation during calcination. The two step support masking method, 
[29, 54] was developed to protect the support during zeolite synthesis. For membranes 
prepared with the two step masking method an improvement in both selectivity and 
permeance was observed.  

3.3 Permeation measurements 

The flux, J, is the flow through the membrane per unit area and the permeance, , is 
defined as the flux divided by the partial pressure gradient across the membrane. 

i

i
i P

J
Δ

=Π

Single gas measurements 
The driving force for diffusion through a zeolite membrane could be either a gradient in 
total pressure or a partial pressure gradient. To measure the single gas permeance through 
a membrane, a total pressure gradient is very often used. The single gas permeance ratio 
or permselectivity, perm , is often used to estimate membrane quality. 

j

iperm

Π
Π=α

∏i, ∏,j : permeance of the component i and j through the membrane

Separation of binary mixtures 
Partial pressure gradients are often used as driving forces in mixture separation 
measurement. The Wicke-Kallenbach method is a commonly used setup to measure 
intraparticle diffusivity [56]. On the feed side (of the membrane) the gas mixture under 
study is continuously fed. On the permeate side, a stream of an inert gas continuously 
sweeps away the permeated species and thus the concentration gradient is maintained 
[57]. From the composition and total flow, it is then possible to calculate the permeance 
and the separation factor α:

Feedji

Permeateji

xx
xx

)(
)(

=α

;, ji xx molar fractions of the two components i and j in the mixture . 
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Porosimetry 
In porosimetry [29, 58, 59], the permeance of helium is measured as a function of the 
partial pressure of a hydrocarbon, such as n-hexane or p-xylene. The technique is used to 
investigate membrane quality. At the start of the measurement, only helium permeates 
through zeolite pores and defects of a dry membrane. The partial pressure of the 
hydrocarbon is subsequently increased and larger and larger pores will be blocked in the 
zeolite film, which will reduce the helium permeance. The Horvath-Kawazoe equation 
can be used to relate the width di for micropores to the partial pressure of the hydrocarbon 
P/P0 [60].  

( ) ( ) ( )−
+

−
−−

−
Δ

= 3
0

4
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0

4
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0
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00 232939
ln
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si ddd −= 2
20

as dd
d

+
=

ds= diameter of a surface atom in the zeolite pores, da= diameter of the hydrocarbon 
molecule, d =slit pore half width, σ = zero interaction energy distance, HAds = Isosteric 
heat of adsorption 

To relate the width di for mesopores to the partial pressure of the hydrocarbon P/P0 the 
Kelvin equation is used. 

( )0/ln
2

PPRT
V

d m
i

γ−
=      

γ = surface tension, Vm= molar volume

Each partial pressure can thus be related to a pore/defect size as shown for n- hexane in 
Table 1. 

Table 1. Relative partial pressure of n- hexane used in the porosimetry experiment and 
the corresponding pore diameter [59]. 
P/P0 0.01 0.025 0.25 0.85 0.99 
di (nm) 1.08 1.27 2.65 9.18 100 

In the porosimetry experiment the helium permeance through the membrane is first 
measured at a relative pressure of n-hexane P/P0 = 0. Secondly the relative pressure of n-
hexane is increased. At a relative pressure of n-hexane of 0.01, i.e. at the first point with 
n- hexane in the feed, all pores smaller than 1.1 nm are blocked according to equation (1) 
and at a relative pressure of 0.25, pores smaller than 2.65 nm are blocked according to 
equation (2). 
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4
Experimental 

4.1 Membrane preparation 

Support
In this work, porous α-alumina discs (Inocermic GmbH, Germany) with a diameter of 25 
mm were used as supports. The discs are comprised of two layers, a top layer with a 
thickness of 30 μm with 100 nm pores and a 3 mm thick layer with 3 μm pores. In paper 
IV, the supports were adapted to the experimental setup and were cut into 1 mm wide 
pieces with a Discotom diamond cutter. 

Masking
In order to prevent zeolite from growing in the support pores during synthesis, so called 
support invasion, the two step masking procedure was employed [29, 54], see Figure 3. In 
this procedure the top surface of the support (A) is first coated with a thin layer of 
polymethylmetacrylate (PMMA) dissolved in acetone to a viscosity of 30 cP (B). The 
support is subsequently impregnated with molten polyethylene wax (C). The protective 
PMMA layer is dissolved in acetone, leaving a free support surface for film growth (D).  



16

Figure 3. Masking procedure of a graded support (A), that is first coated with PMMA (B) 
and then the support pores are filled with wax (C) and finally a free top surface of the 
support is left after removal of the PMMA layer (D). 

To vary the support invasion PMMA polymers with different molecular weights were 
used in the masking procedure (see Table 3). The effect of using different PMMA 
polymers in the masking is evaluated in paper I.  

Film preparation 
The seed film method used in this work is shown in figure 4 (A)-(D). After completed 
masking, the support was first treated with a cationic polymer solution (B), to obtain a 
positive surface charge [29]. Silicalite-1 seeds with a diameter of 60 nm were then 
adsorbed electrostatically on the surface of the support (C). The seed crystals were 
prepared from a solution with the molar composition: 9 TPAOH: 25 SiO2: 360 H2O: 100 
EtOH, that was treated at 50 ºC for two 2 months [12, 29]. Films were subsequently 
grown under hydrothermal treatment in a synthesis solution (D). The molar compositions 
of the two synthesis solutions used in this work are shown in Table 2.  

Table 2. Molar compositions of the synthesis solutions used to grow films. 

Zeolite type Molar composition of synthesis solution 

Silicalite-1  3 TPAOH: 25 SiO2: 1500 H2O: 100 EtOH 

ZSM-5  3 TPAOH: 0.25 Al2O3: Na2O: 25 SiO2: 1600 H2O: 100 EtOH 

The silica source was tetraethoxysilane (TEOS> 98%, Merck), the alumina source was 
aluminiumisopropoxide (98+%, Aldrich) and the alkali source was tetrapropylammonium 
hydroxide (TPAOH 40%, Appli.Chem) and 1 M sodium hydroxide ( >99%, Merck) in the 
case of ZSM-5. The synthesis vessel was heated by an oil bath at 100°C and connected to 
a reflux condenser. In this work, hydrothermal treatments from 12 to 96 hours were used, 
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see Table 3. After synthesis, the membranes were rinsed in a 0.1 M ammonia solution to 
remove synthesis mixture. 

Figure 4. Seed film method (A)-(D) and multi seeding(E)-(H), see the text for details.

To prepare membranes with small crystal size and high concentration of grain boundaries, 
(Paper VI) a multi-seeding procedure was developed, see Figure 4 (E-H). After a short 
hydrothermal treatment of 12 hours, a second layer of cationic polymer and seeds were 
applied (F-G). The membrane was subsequently additionally hydrothermally treated for 
12 hours and seeded, until the desired film thickness was achieved. After each 
hydrothermal treatment, the membranes were rinsed for approximately 12 hours in a 0.1 
M ammonia solution.  

Rinsing
As stated earlier, all as-synthesised membranes were rinsed to remove synthesis solution 
residues. The effect of this exposure was reported in paper II. The rinsing medias 
investigated were ethanol, distilled water 0.1 M aqueous solutions of hydrochloric acid, 
ammonia, sodium hydroxide and TPAOH. After film preparation, the membranes were 
rinsed with a 50 ml syringe and then left in the media for 24 hours or 30 days with an 
exchange of the media every 24 hours.  

Calcination
After rinsing, all membranes were calcined to decompose the templating agent and to 
remove wax in the pores of the support. Most membranes were calcined for 6 hours at 
500 °C with a heating rate of 0.2 °C/min and 0.3 °C/min cooling rate. The effect of 
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varying heating and cooling rates was investigated and reported in paper V, see Table 3 
for more information.  

The membranes prepared and the preparation procedures used in the present work are 
gathered in Table 3.

Table 3. Sample codes, film type, length of hydrothermal treatment (ht) and preparation 
procedures of membranes prepared in the present work. 

Membrane Preparation method 
General membranes in the present work 

M36h Silicalite-1 film on masked support, 36 h of ht 
M96h Silicalite-1 film on masked support, 96 h of ht 
U72 Silicalite-1 film on unmasked support, 72 h of ht 
U96 Silicalite-1 film on unmasked support, 96 h of ht 
Masked membranes prepared with multiple seeding and ht ( paper VI) 

M1 Silicalite-1 film prepared with one seeding followed by 12 h of ht 
M2 As M1, but 2 seedings and ht 
M3 As M1, but 3 seedings and ht 
M4 As M1, but 4 seedings and ht 
M5 As M1, but 5 seedings and ht  
Masked membranes rinsed in different media after synthesis for 24 hours, X=1, or 30 
days, X=30 (paper II) 

EX Silicalite-1 film, 30 h of ht, rinsed in ethanol 
WX Silicalite-1 film, 30 h of ht, rinsed in distilled water 
HX Silicalite-1 film, 30 h of ht,  rinsed in 0.1M aq. sol. of HCl 
AX Silicalite-1 film, 30 h of ht,  rinsed in 0.1M aq. sol. of NH3

TX Silicalite-1 film, 30 h of ht,  rinsed in 0.1M aq. sol. of TPAOH 
SX Silicalite-1 film, 30 h of ht,  rinsed in 0.1M aq. sol. of NaOH 
Membranes masked with different PMMA polymers (paper I) 
M120K Silicalite-1 film, 72 h of ht, support masked with PMMA with an average

molecular weight of 120K 
M350K Silicalite-1 film, 72 h of ht, support masked with PMMA with an average

molecular weight of 350K 
M996K Silicalite-1 film, 72 h of ht, support masked with PMMA with an average

molecular weight of 996K 
MCM205 Silicalite-1 film, 72 h of ht, support masked with PMMA with trade name 

CM205 with a molecular weight of 90-110K 
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Masked membranes calcined with different heating rates (paper V) 

X=0.2 Silicalite-1 film, 36 h of ht, calcined with a heating rate of 0.2 °C/min
X=1.0 Silicalite-1 film, 36 h of ht, calcined with a heating rate of 1.0 °C /min 
X=2.0 Silicalite-1 film, 36 h of ht, calcined with a heating rate of 2.0 °C /min 
X=5.0 Silicalite-1 film, 36 h of ht, calcined with a heating rate of 5.0 °C /min 
R.M. Silicalite-1 film, 36 h of ht, calcined with a heating rate of 0.2 °C /min 

(reference membrane) 
Masked membranes with different Si/Al ratio (paper III) 

S# Silicalite-1 film, 36 h of ht, with  Si/Al = infinity in synthesis solution 
Z# ZSM-5, 27 h of ht, with Si/Al = 50 in synthesis solution 

4.2 Characterization

4.2.1 Scanning electron microscopy 

All membranes were investigated with scanning electron microscopy, using a Philips XL 
30 with a LaB6 filament. Samples were mounted on alumina stubs with conductive 
carbon cement. To obtain side view images, the membranes were cut in halves. To render 
the samples conductive, a thin layer of gold was deposited on top of the samples by 
sputtering prior to the investigations. 

4.2.2 X-ray diffraction 

X-ray diffraction patterns were collected with a Siemens D5000 diffractometer and all 
membranes were investigated in Bragg-Brentano geometry for structure verification. In 
addition, specific reflections were in some cases studied using gracing incidence angle 
(1°) and long soller slits and LiF monochromator. Grazing incidence data was refined 
using a least square model with a Lorentz line shape function with a common peak shape 
and width. 

The diffraction data presented in Paper IV was collected at the Italian Beamline BM08 at 
the European Synchrotron Radiation Facility, ESRF, in Grenoble, France. The Beamline 
configuration is described in detail elsewhere [61]. The experimental setup is illustrated 
in Figure 5. The sample, with the film facing down, was placed in a metal tube mounted 
on a goniometer head. The sample was mounted so that the synchrotron radiation beam 
hit the zeolite membrane from the side. A heating gun placed vertically under the sample 
heated the sample. Data collection was accomplished in parallel beam Debye geometry 
using a monochromatic fixed wavelength of 1.0405 Å, calibrated using a standard. 
During heating, the temperature was monitored with a thermocouple positioned about 
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half a mm below the sample. The sample was heated/cooled with a rate of 3 °C/min. Full 
diffraction rings were recorded every 50 ± 3 °C with an exposure time of 2 minutes 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) [62]. 

Figure 5. Experimental setup for the synchrotron radiation experiments. 

4.2.3 Permeation measurements 

Single gas permeance measurements using He, H2, N2 and SF6 gas were carried out on all 
membranes directly after calcination. The membrane was mounted in a stainless steel cell 
and a gas at given pressure was fed to the cell. The permeance was calculated from the 
measured flow, pressure difference and membrane area. 

For porosimetry, the membrane was mounted in a stainless steel cell and then heated to 
300°C overnight in a flow of pure helium in order to desorb all adsorbed molecules. After 
drying, the cell was cooled to room temperature. The pressure, temperature and flow were 
recorded for each activity of hydrocarbon.  
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For separation experiments, a Wicke- Kallenbach setup was used and the membrane was 
mounted in a stainless steel cell in a furnace. The components to be separated were fed to 
the system with carrier gas (helium) controlled with mass flow regulators. A gas 
chromatograph (GC) equipped with a FID (Flame Ionisation Detector) was used to 
analyse the composition on both sides of the membrane. Separation of three hydrocarbon 
isomer mixtures were studied; n-/iso-butane, n-hexane/DMB and p-/o-xylene, at varying 
temperatures, under similar conditions as described elsewhere [29]. Separation of the 
mixture water/hydrogen/hexane was also studied.  
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5
Results and discussion 

5.1 General properties of the membranes 

prepared in this work. 

SEM images of two typical silicalite-1 membranes prepared with the seed film method in 
the present work are shown in Figure 6. These membranes are similar to those described 
in previous work [54]. The films are prepared on porous -alumina discs that were 
masked with the commercial polymer CM205 before film synthesis. The films are 
approximately 500 and 1100 nm thick and will be referred to as membrane M36h and 
membrane M96h, see Table 3.  

The crystals in the thicker film M96h, which are shown in Figure 6 (d), are almost twice 
as large as the ones in the thinner film, M36h, shown in Figure 6 (c). The crystal size is 
thus increasing with film thickness as reported before [43]. The thicker film shown in 
Figure 6 (b) displays the typical columnar structure observed when competitive growth is 
controlling the film growth [45].  
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Figure 6. SEM images of membrane M36h (a) and (c) and membrane M96h (b) 
and (d). 

Figure 7 shows the X-ray diffraction pattern of membrane M36h in the 2  range with the 
strongest reflections, the different crystal planes are indicated. The pattern is typical for 
the thin MFI films prepared in the present work. 

           Figure 7. X-ray diffraction  pattern of  membrane M36h.
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5.1.1 Si/Al ratio 

In the current work silicalite-1 and ZSM-5 films were prepared. The Si/Al ratio is 50 for 
ZSM-5 synthesis solution and infinite for the silicalite-1 synthesis solution. To estimate 
the Si/Al ratio in the films three different investigations were performed.  First, XRD 
measurements were performed on the different MFI films. According to Bibby et al [63] 
the distance between the two peaks at approximately 45.0 and 45.5 º2  is inversely 
proportional to the aluminium content in the zeolite. An increase in aluminium should 
lead to a decrease in 2 , which was also observed for the ZSM-5 film. It was however 
not possible to determine the exact aluminium content in the films as the calibration curve 
based on powder data was not applicable to XRD data from films. Secondly, X-ray 
Photoelectron Spectroscopy (XPS) was performed on the membrane surface. XPS 
showed a Si/Al ratio of 157 for silicalite-1 and 62.4 for ZSM-5.  The high aluminium 
content detected with XPS in the silicalite-1 film is probably due to leaching of 
aluminium from the support during synthesis. The leached aluminium was either 
incorporated in the structure or deposited as non-framework aluminium.   

Finally, the crystals nucleated in the synthesis solution during membrane synthesis were 
analyzed with ICP-AES. The ICP-AES analysis showed a Si/Al > 1441 for silicalite-1 
crystals and 383 ZSM-5 crystals. The bulk powder is however nucleated from the 
synthesis solution and it is likely to have another composition than the film grown from 
seeds on the alumina support. It is not possible to perform an absolute quantification of 
the aluminium content in the two films from the conducted measurements. However, the 
results clearly demonstrate that the ZSM-5 film contains more aluminium than the 
silicalite-1 film. 
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5.2 Parameters affecting MFI membrane 
morphology

5.2.1 Crystal size 

Figure 8 shows SEM images of membranes M2 and M5, respectively. These membranes 
are prepared with the multi-seeding method as reported in paper VI. The multiseeding 
method was developed to maintain the crystal size while increasing film thickness in 
order to decouple crystal size and film thickness. 

Figure 8. SEM images of membranes prepared with the multiseeding method with two 
seeding steps , membrane M2 (a) and (c) and with five seeding steps, membrane M5 (b) 
and (d). 

The images show that the film in membrane M2 is about 300 nm thick and in membrane 
M5 about 800 nm. The films in the two membranes are comprised of small crystals, with 
high concentration of grain boundaries. The columnar structure observed for films grown 
in one step is absent. Even though there is a difference in film thickness of 500 nm 
between these two membranes, the top surfaces of the membranes appears identical. 
Hence, the crystal size is independent of film thickness. Membranes M1, M3 and M4 had 
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similar appearance. The images show that the multiseeding method can be used to obtain 
films comprised of small crystal independent of film thickness. These membranes will 
thus have a high concentration of grain boundaries.  

5.2.2 Exposure to ethanol and aqueous solutions 

In paper II, the effect of exposure to ethanol and aqueous solutions on silicalite-1 
membrane quality was reported. Membranes were exposed to ethanol (E), distilled water 
(W) and 0.1M solutions of ammonia (A), hydrochloric acid (H), TPAOH (T) and sodium 
hydroxide (S) for either 24 hours or 30 days, see Table 3 for details.  

Figures 9 (a) and (c) show SEM images of the membrane A1 exposed to ammonia 
solution for 24 hours. The film thickness in membrane A1 is approximately 400 nm. 
After 24 hours of exposure, all membranes, except the one exposed to sodium hydroxide, 
have the same appearance and film thickness as membrane A1. The membrane 
morphology thus remains independent of media for short treatments, except for treatment 
in sodium hydroxide in which the film dissolves rapidly.  

Figure 9. SEM images of membranes exposed to ammonia for 24 hours, membrane A1 (a) 
and (c) and for 30 days, membrane A30 (b) and (d). 

Figures 9 (b) and (d) show membrane A30, which was exposed to ammonia solution for 
30 days. After 30 days of exposure, the film thickness of membrane A30 decreased with 
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100 nm. All membranes exposed for 30 days show a decrease in film thickness, see Table 
4. No clear difference in surface morphology of the films exposed for 24 hours or 30 days 
is observed. Neither was it possible to detect any large defects with SEM. The only 
exception was the film exposed to sodium hydroxide, where the long exposure led to a 
complete dissolution of the zeolite film. 

Figure 10 shows XRD patterns from the same membrane exposed to ammonia first for 24 
hours, A1 and then for a total of 30 days, A30. The intensity of all XRD peaks is reduced 
upon treatment for 30 days in a 0.1M ammonia solution. The reduction in intensity of the 
zeolite reflections for A30, indicates less zeolite. Less X-ray absorption of the zeolite film 
on top of the support leads to an increased alumina reflection (not shown in the figure). 
The XRD investigation and the SEM images shows that the zeolite film has dissolved in 
samples A30. 
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Figure 10. XRD pattern of the same membrane rinsed for 24 hours (A1) and 30 days 
(A30).

The full-width at half maximum (FWHM) of the 501 reflection at 23.2º 2  for the 
silicalite-1 film was estimated after refinement. The FWHM was 0.12º 2  for the 
membrane rinsed for 24 hours (A1) and 0.136º 2  for the same membrane rinsed for 30 
days (A30). The broader reflection for the latter sample indicates that the zeolite crystals 
are smaller in this sample. This is likely caused by dissolution of the zeolite crystals due 
to the long exposure to the 0.1 M ammonia solution.   

Figure 11 shows average porosimetry data for two membranes exposed to the different 
rinsing media for 30 days. The measurement shows a reduction in quality for all 
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membranes except the one exposed to ethanol (E30). According to the data the relative 
permeance through non-zeolitic pores increased in the following order: ethanol (no 
increase), HCl, TPAOH, water, ammonia and sodium hydroxide( total dissolution).   
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Figure 11. Porosimetry pattern for the membranes exposed to different media for 30 
days.

Table 4 also shows the relative permeance through different pore width intervals 
estimated from porosimetry data.  For membrane A1 most of the permeance is going 
through pores smaller than 1.1 nm. This indicates that there are few defects larger than 
1.1 nm in membrane A1. For all membranes exposed for 30 days there is an increase in 
relative permeance going through pores larger than 1.1 nm. The increase was highest in 
the micro and meso-pore region for all samples except S30, indicating that the amount of 
pores is highest in this region. This is congruent with the SEM studies were no large 
defects could be detected.
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Table 4. pH in the rinsing media, approximate film thickness measured with SEM and 
relative permeance through various pore width intervals in the membranes derived from 
porosimetry, for selected samples exposed to different media. 

Relative permeance through pores with d / [%] 
Film 

thickness pH in aq. 
Sample d<1.1 nm 1.1 nm<d<2.65 nm 2.65 nm<d nm solution

A1 99.1 0.37 0.52 400 ± 50 11
E30 98.9 0.62 0.51 350 ± 50 -
H30 94 5.58 0.39 350 ± 50 1
T30 71.7 27.8 0.47 350 ± 50 12
W30 71.7 27.1 1.2 320 ± 50 7
A30 36 50.1 13.9 300 ± 50 11
S30 2.81 26.7 70.5 - 13

The effect of the aqueous solutions on membrane quality can be correlated to the pH. The 
amount of pores (as shown with porosimetry) in the membranes increases with the pH of 
the solution. This indicates a minimum dissolution at low pH followed by an increase in 
dissolution with pH. The pores detected by porosimetry are believed to be open grain 
boundaries. These intercrystalline gaps will be created either by dissolution of non-
zeolitic material holding the crystals together or by etching the crystal interfaces.  

The study shows that extensive exposure to aqueous solutions will lead to increased 
micro- and meso-porosity and decreased film thickness. The pores are most likely open 
grain boundaries. These findings have implications on membrane performance, 
membrane preparation and the lifetime of zeolite membranes in certain applications. 

5.2.3 Thermal expansion during calcination 

To better understand crack formation processes in alumina supported MFI membranes 
during calcination, silicalite-1 membranes were investigated in-situ during calcination 
using synchrotron radiation. The investigation and results are reported in paper IV. 
Membranes (U96) with a total film thickness of 1800 nm grown on -alumina support 
were investigated. These membranes were chosen due to reproducible crack formation.  

The thermal expansion of the zeolite crystal in a membrane was first compared the 
thermal expansion of zeolite powder crystals. The thermal response (expansion or 
contraction) of the unit cell volume is presented in Figure 12. The individual response of 
the crystal directions are presented in paper IV. First, a contraction occurs at 175 °C due 
to dehydration and a second contraction occurs at 275-500 °C when the TPA+ molecule is 
decomposed. After calcination, a much larger contraction is observed for the MFI powder 
than for the film, which retains the volume of the as-synthesised form, mostly due to the 
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much larger expansion of the b-axis in the film compared to the powder. These results 
indicate that the film is under strain after the calcination procedure. 
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Figure 12. The unit cell volume as a function of temperature for the MFI film and for the 
MFI powder for the temperature cycle 25-500-25 °C.  
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Figure 13. Thermal expansion ratio KT of the MFI coated α-alumina support and the 
MFI film as a function of temperature. 

The MFI film contracts during heating, while the α- alumina support expands, see Figure 
13. This should lead to a tensile stress acting in the plane parallel to the film surface and 
consequently a compressive strain in the direction perpendicular to the film surface. 
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Figure 14 shows the strain in the a-, b- and c- direction of the zeolite crystal. 
Compressive strain is observed for both the a- and c-axis in the direction perpendicular to 
the film surface. When the membrane is heated from room temperature the compressive 
strain is increasing with temperature until about 325 °C after which it abruptly decreases. 
The strain then continues to decrease during further heating and cooling. The sharp 
decrease around 325 ºC is likely caused by crack formation, which relaxes the structure. 
The continued decrease up to 500 ºC is probably caused by additional crack formation. 
The decrease in strain during cooling is likely due to the decrease in thermal stress. The 
cooling of the membrane reduces the thermal stress caused by the difference in thermal 
expansion between support and film. Tensile strain that increase during cooling is 
observed for the b-axis, a behaviour that can not be explained with the current data.  

Figure 14. 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 indicates that the crystallographic planes along b-direction  are under 
tensile strain while the ones along a and c are under compressive strain. 

The compressive strain in the MFI coated -alumina support also increased during 
heating when compared to a blank support (see paper IV for details). This phenomenon 
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could be caused by the existence of a zeolite-support composite layer (denoted support 
invasion in paper I).  The negative expansion of the zeolite in this layer might cause a net 
tensile strain in the direction parallel to the film surface which would lead to a net 
compressive strain in the perpendicular direction. 

From the results obtained, a crack formation model was postulated: The MFI film 
experiences a contraction during heating while the -alumina support expands. This 
difference in thermal expansion coefficients creates stress. In thick films the crystals are 
more intergrown and the stress will be released via crack formation, while in thinner films 
with less intergrown crystals, the stress will instead be released via open grain 
boundaries.  

5.2.4 Support invasion 

As discussed in the introduction, protecting the support form zeolite invasion has been 
shown to have positive effects on membrane quality [54]. In paper I, the effect of support 
invasion on silicalite-1 membrane quality was reported. To vary the support invasion, 
supports were masked with different PMMA polymers. PMMA polymers (Sigma-
Aldrich) with weight average molecular weights of 996K, 350K and 120K and PMMA 
polymer with the trade name CM205 with molecular weight of 90-100K were used.  Two 
membranes of each type were prepared. Unmasked membranes denoted U72 were also 
prepared as reference samples.   

XRD patterns from the wax in the support after masking and from the zeolite film after 
synthesis were recorded. The normalized integrated intensities from wax and zeolite film 
are presented in Table 5. The intensity of the wax reflection indicates how close, on 
average, the wax is to the surface of the support. The closer the wax is to the support 
surface; the less support area will be free for zeolite deposition. The data indicates that 
the wax is the closest to the surface in the membrane M996K followed by membranes 
M350K, M120K and MCM205. For the zeolite reflections, a reversed trend is observed; 
membrane U72 has the most intense zeolite reflections followed by membranes 
MCM205, M120K, M350K, and M996K.  The weigh gain, also shown in Table 5, 
follows the same trend as the zeolite reflections.  Since all films were grown for 72h and 
the thickness of the film consequently was the same for all membranes, see below, the 
differences in weight gain and intensity of zeolite reflections could only be attributed to 
differences in support invasion. This indicates that U72 has the largest support invasion, 
followed by MCM205, M120K, M350K and M996K. 
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Table 5. Normalized integrated intensities of the (110) reflection from the polyethylene 
wax and the (501) and (303) reflections from the zeolite film and weight gain. Average 
data for two membranes of each type. 
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Figure 15 shows SEM side view images. The film thickness, i.e. the zeolite film grown 
on top of the support, is 650 nm for all membranes. Figure 15 (a) shows a side view 
image of the unmasked membrane U72 and extensive support invasion is observed. The 
average thickness of the continuous support invasion is about 600 nm and there is also 
zeolite islands deposited as far as 20 m down in the support. Figure 15 (b) shows a SEM 
side view of the membrane MCM205. Continuous support invasion with a thickness of 
approximately 300 nm is observed and no zeolite islands are observed in the support. 
Figure 15 (c) shows SEM side view images of M120K, M350K and M966K. All these 
membranes have irregular support invasion, with both thin continuous support invasion 
(to the right in the image), thick continuous support invasion (in the middle of the image) 
and zeolite islands in the support (to the left in the image).  
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Figure 15. Representative SEM side view images of (a) unmasked membrane U72, (b) 
masked membrane MCM205 and (c) showing both zeolite islands in the support and thick 
and thin continuous support invasion all which are present in the three membranes 
M120K, M350K and M996K.
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5.3 Parameters affecting MFI membrane 

performance

5.3.1 Open grain boundaries 

Open grain boundaries are believed to act as non-selective diffusion paths through the 
membrane, which will affect the membrane performance. In order to investigate this, a 
multiseeding method was developed in the present work and used to grow silicalite-1 
membranes with small crystals (paper VI). Membranes with one to five seeding and 
hydrothermal treatments were prepared. The morphology of the films was discussed in 
section 5.2.1. The membranes grown in several steps were compared with membranes 
M36h and M96h grown in one step. 

Membrane M36h is a high quality membrane with more than 99.5% of the permeance 
going through zeolite pores according to porosimetry data, see Figure 16 (b). 
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Figure 16. Porosimetry data for membranes M1-M5 (grown in several steps) and 
membrane M36h. 

Figure 16 (a) shows that membranes M1 and M2 were of low quality; probably due to 
unclosed films. Membrane M5 had somewhat higher quality and membranes M3 and M4 
were virtually defect-free. Figure 16 (b) also shows that membranes M3 and M4 are of 
similar quality as M36h. The SEM investigation showed that the thickness of the films in 
these three membranes were similar.  
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Table 6. Separation data for membrane M3 and a membrane grown in one step[29]. 

Membrane M3  M36h 

T (°C) α α

n-/is-butane 25 0.7 9
n-hexane/DMB 390 11 227
p-/o-xylene 390 1.4 16

Membrane M3 was also characterised by separation tests. It was found that M3 had much 
lower separation factors than a membrane with similar film thickness grown in one step, 
see Table 6. This indicates that their might be intercrystalline pores not detected by 
porosimetry that have a negative effect on membrane quality. 

As discussed in section 5.2.2 the exposure to aqueous solutions for 30 days increased the 
amount of non-zeolitic pores in silicalite-1 membranes. The pores were most likely open 
grain boundaries. Table 7 shows the results from the single gas permeation 
measurements, for membranes exposed for 30 days in all different media and for the 
membrane exposed for 24 hours in ammonia (A1). The single gas data follows the same 
trend as the porosimetry data, shown in section 5.2.2.  Membrane A1 has the highest 
permeance ratios, indicating that this membrane has high quality, which was expected 
after only 24 hours of rinsing.  For the membranes rinsed for 30 days only E30, the 
membrane exposed to ethanol for 30 days, has similar He permeance and permeance 
ratios. For the membranes rinsed for 30 days the helium permeance is increasing in the 
order E30<H30<T30<W30<A30<S30, and thus follows the increase in pores as shown 
with porosimetry. The increased single gas permeance is accompanied by a decrease in 
permeance ratios and hence a decrease in membrane quality. 

Table 7. Single gas permeation data for selected samples at room temperature. Pressure 
drop was 0.5 bar or in one cases 0.3 bar (indicated with *) and the permeate was at 
atmospheric pressure in all cases.

He permeance Permeance ratios 

Sample (10-7mol m-2 s-1 Pa-1) H2/He H2/SF6 N2/He N2/SF6

A1 122 ± 4 2.4 10 1.2 5.3
E30 110 ±  0 2.3 8.9 1.3 5.2
H30 128 ±  5 2.1 5.9 1.1 3.1
T30 189 ± 8 2.0 5.9 0.9 2.7
W30 213 ±  0 1.9 5.5 0.8 2.2
A30 261 ±  4 1.8 5.6 0.7 2.3
S30 319* 1.7 4.1 0.6 1.4
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The conclusion from these results is that the amount of open grain boundaries is affecting 
the performance of MFI membranes.  Both the amount of pores smaller than 1.1 nm not 
detected by porosimetry and an increased amount micro and mesopores leads to a 
reduction in membrane quality. 

5.3.2 Calcination rate 

In a previous study [52], it has been recommended to use a heating rate during calcination 
of 1°C/min since the authors speculated that a high heating rate may introduce defects in 
the membrane. A slow process is time consuming and a study to investigate the effect of 
varying calcination rates was therefore performed and reported in paper V and VII. 
Calcination was carried out at 500 °C for 6 hours with heating rates X varying from 0.2 
°C/min to 5 °C/min. Figure 17 (a) shows average porosimetry data for two membranes 
with varying X and average data for 10 reference membranes (R.M.) with X=0.2. Figure 
17 (b) shows p/o –xylene separation data for one membrane of each type (no average). 

Figure 17. (a) Porosimetry data and (b) p/o xylene selectivity as a function of 
temperature for membranes with varying heating rates, X °C/min during calcination. For 
the reference membranes (R.M.), X was 0.2.  

Porosimetry data shows that membranes with X=1.0 and X=2.0 had lower quality than 
membranes with X=0.2 and X=5.0. No difference is observed, i.e. data is overlapping, 
when comparing with the reference membranes from earlier work with calcination rate of 
0.2°C / min [29]. Figure 17 (b) shows the separation factor of p/o-xylene for the four 
membranes and for a reference membrane. No correlation between calcination rate and 
separation performance is observed. For instance, at 200°C, the selectivity varies 
randomly with calcination rate. It can thus be concluded that calcination rate does not 
affect the properties of MFI membranes of this particular type. 
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5.3.3 Support invasion 

In paper I the effect of support invasion on membrane quality was investigated. To vary 
the support invasion, supports were masked with different PMMA polymer. PMMA 
polymer (Sigma-Aldrich) with weight average molecular weights of 996K, 350K and 
120K and PMMA polymer with trade name CM205 and molecular weight 90-100K were 
used. The effect of different PMMA polymers on zeolite film morphology was discussed 
in section 5.2.4.  

Porosimetry data are shown in Figure 18. The membrane masked with the polymer 
CM205, has the highest quality of all membranes, with less than 1% of the permeance 
going through defects. Based on the permeance through defects the M996K membrane 
has the second best quality followed by M350K, M120K and finally the unmasked 
membrane U72, that has the lowest quality. The results are probably caused by the even 
support invasion and the absence of zeolite islands that was obtained when using CM205. 
Membranes M120K, M350K and M996K with certain areas of extensive support invasion 
and some with less invasion, will probably suffer from more stress, resulting in cracks. 
The results show that all masked membranes have higher quality than the unmasked 
membranes and that for high quality membranes, a thin and regular support invasion 
without zeolite islands in the support is optimal. 
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Figure 18. Average porosimetry pattern for membranes masked with different PMMA 
polymer and for membranes U72. 
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5.3.4 Si/Al ratio 

In order to investigate the effect of Si/Al ratio on zeolite membrane performance, six 
silicalite-1 and six Na-ZSM-5 membranes were prepared and investigated in paper III. 
The membranes were investigated with single gas permeation measurements, porosimetry 
and multi-component separation of H2O, H2 and n- hexane. Table 8 shows the results 
from the single gas permeation measurements.  

Table 8. Permeance and permeance ratios and averages with standard deviations for 
silicalite-1 membranes (S) and ZSM-5 membranes (Z). 
Membrane H2 He H2/ N2 H2/ He H2/ SF6 H2/ CO2

S1 210 81 1.70 2.59 12.6 1.77 

S2 212 77 1.70 2.75 12.9 1.71 

S3 202 74 1.67 2.74 11.1 1.35 

S4 216 86 1.66 2.51 11.0 - 

S5 226 90 1.72 2.50 11.9 - 

S6 227 91 1.68 2.5 12.3 - 

Average 215.5±8.8 83.2±6.4 1.69±0.02 2.60±0.11 12.0±0.72 1.61±0.19 

Z1 161 56 1.53 2.85 20.6 1.28 

Z2 158 58 1.46 2.73 20.9 1.22 

Z3 126 51 1.53 2.49 16.7 - 

Z4 167 61 1.46 2.76 18.7 - 

Z5 157 60 1.41 2.61 21.8 - 

Z6 172 63 1.46 2.71 21.1 - 

Average 156.8±14.7 58.2±3.8 1.48±0.04 2.69±0.11 20.0±1.74 1.25±0.03 

The results show that the reproducibility of the preparation procedure of the membranes 
is good since the membranes have the same film thickness (~500nm) and morphology. 
The differences in results should thus only be attributed to the difference in aluminium 
concentration. A lower H2 and He permeance is observed for the ZSM-5 membranes 
compared to the silicalite-1 membranes. This may be attributed to the smaller pores in the 
ZSM-5 structure caused by the presence of Na+ counter ions. For the permeance ratios, 
the largest difference between the ZSM-5 and silicalite-1 membranes is observed for the 
H2/ SF6 ratio. The size of SF6 molecule is closer to the critical diameter of the Na-ZSM-5 
than the size of the small H2 molecule, which might explain the much higher H2/ SF6 ratio 
for the Na-ZSM-5 membranes. The H2/N2 and H2/CO2 ratios are also lower for ZSM-5 
than for silicalite-1, this is most probably caused by the enhanced surface diffusion for N2
and CO2 in the Na-ZSM-5 membrane due to stronger adsorption of these polarizable 
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molecules. Porosimetry measurements were also performed on three membranes of each 
kind; the porosimetry data show that both the ZSM-5 and Silicalite-1 has high quality. 
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Figure 19.  H2O/H2 and H2O/n-C6  selectivity for  Silicalite-1 and ZSM-5 membranes. 

Multi-component separation experiments using two membranes of each type were 
performed and the selectivities are shown in Figure 19. At room temperature, the H2O/H2
selectivity is high for both membrane types and then it decreases with increasing 
temperature. The H2O/H2 separation factor is higher for ZSM-5 membranes than for 
silicalite-1 at temperatures below 180ºC, due to the stronger polarity in the ZSM-5 
membranes. H2O will adsorb stronger in the more polar ZSM-5 membranes and block the 
pores, leading to a decreased H2 permeance. For the discussion concerning the H2O/n-C6
separation factors see paper III.  

Introducing aluminium in the structure will change the polarity of MFI membranes. The 
change in polarity will affect the permeation properties of the membranes. The more 
polar ZSM-5 membrane was found to be more water selective at lower temperatures in 
the multi-component separation experiment. 

5.3.5 Film thickness 

Figure 20 (a) shows the porosimetry pattern for membranes M36h (with a film thickness 
of 500 nm) and M96h (with a film thickness of 1100 nm). The effect of film thickness 
was discussed in paper IV and VII. In agreement with a previous report [59], the data 
shows that the membrane with a thicker film has significantly lower quality. In paper IV 
it was concluded that in thicker films, such as M96h, cracks are formed during calcination 
due to the intergrowth of crystals and that in thinner films, M36h, the crystals in the film 
are not well intergrown and hence the calcination will only lead to open grain boundaries 
and no cracks will be formed. In paper I, films with non-intergrown crystals were 
prepared, the porosimetry pattern for M3 and M5 are shown in Figure 20. The difference 
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in film thickness between M3 and M5 is approximately 400 nm and it was found that the 
quality decreased with increasing film thickness for these membranes as well. From the 
results, the quality thus seems independent of crystal size, but strongly dependent on film 
thickness. This decrease in quality from M3 to M5 could however be attributed to the 
increased amount of open grain boundaries and not to the film thickness itself. It can 
however be concluded that film thickness will affect membrane quality. 
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6
Conclusions 

In this thesis, several parameter and processes affecting MFI membrane quality have been 
investigated. The effect of crystal size, exposure to aqueous solutions and ethanol, 
calcination, support invasion, Si/Al ratio and film thickness were studied. Their 
individual effect on membrane morphology and /or membrane performance was 
discussed.

A novel method denoted multiseeding was developed and used to prepare membranes 
with a small crystallite size, independent of film thickness. The membranes showed poor 
separation of binary mixtures, possibly due to a large amount of open grain boundaries. 
The open grain boundaries could however not be detected by porosimetry, perhaps due to 
their small size. Open grain boundaries were also created by extensive rinsing. It was 
observed that prolonged exposure to several common rinsing media, such as water and 
ammonia, may reduce the membrane quality by increasing the amount of micro and 
meso-pores, believed to be in the form of open grain boundaries. Ethanol has no effect on 
membrane quality and was therefore identified as a safe rinsing media. 

The heating rate during calcination is a parameter believed to affect MFI membrane 
performance. However no correlation between heating rate and membrane quality was 
observed. It was concluded that heating rate during calcination is not important for the 
investigated membrane types.  

The effect of varying the support invasion was also investigated. It was found that the 
extent and regularity of the support invasion has an effect on membrane quality. To 
obtain high quality membranes thin and even support invasion is optimal.  

The polarity of the MFI membranes were also changed by introducing aluminium in the 
structure.  It was found that an increase of aluminium makes the membrane more polar 
which leads to an improved adsorption of, and selectivity for polar molecules. 
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It was found that thicker films (~1 m) are more defective than thinner (~ 500 nm) films. 
During calcination the difference in thermal expansion between support and film results 
in stress. One possible explanation for the more extensive crack formation in thicker films 
is that in thick films, the crystals are more intergrown leading to crack formation when 
the thermal stress is released. It was however also found that thick films with small 
crystals also are more defective than thinner films. 

The main conclusions from this work is that in order to obtain high quality membranes, 
the amount of grain boundaries, the film thickness and the support invasion should be 
controlled. The Si/Al ratio of the membrane should be chosen with respect to the 
application to obtain the best performance. In addition, it was shown that extensive 
exposure to aqueous solutions increases the amount of defects in micro and meso-pores in 
the membrane. 
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7
Future work 

In the current work a detailed understanding of MFI membrane quality was obtained. 
This knowledge could be used to prepare high quality zeolite membranes with other 
zeolite structures, such as FAU and DDR, to be used in other applications.  

Further investigations concerning the mechanical properties of the membranes could be 
conducted to learn how to minimize the defect formation. This includes fundamental 
investigations of the grain boundary structure in both thin (∼500 nm) and thick (∼ 1μm)
MFI films, as well as in membranes prepared with the multi-seeding method. This 
information could lead to a better understanding of the connection between grain 
boundaries, film thickness and defects.  

It would also be interesting to investigate the possibility to reduce the amount and size of 
defects in thick films. This could possibly be achieved by reparation procedures or by 
using another support material. The support material should in such case have a thermal 
expansion coefficient close to the MFI thermal expansion coefficient, thus, minimal 
mismatch stresses would be generated. 
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Abstract
In the present work, the effect of varied support invasion on quality of silicalite-1 membranes 

was studied. Controlled support invasion was achieved by variations in the support masking 

procedure. Membranes were masked with polymethylmetacrylate (PMMA) with different 

molecular weight and quality to control the support invasion during subsequent growth of 

silicalite-1 films. Membranes were characterized with XRD, SEM, single gas permeation 

measurements and porosimetry. In general, decreased support invasion led to increased 

membrane quality. However, the regularity of support invasion also affected the membrane 

quality. It was found that an uneven support invasion was more detrimental to membrane 

quality than an even support invasion. The main conclusion from this work is that minimum 

and even support invasion is desirable for highest membrane quality. 

Keywords: MFI membranes, support masking, support invasion 

Introduction
A zeolite membrane with good quality is highly selective and has high permeance. Many 

factors such as film thickness, crystal orientation, grain boundaries and cracks affect the 

quality of a zeolite membrane [1-10]. To obtain high permeance, thin zeolite films are 

prepared on porous supports such as alumina and stainless steel for mechanical strength. The 

porosity of the support must be high to allow a high flux, which at the same time opens up for 

growth of zeolite in the support pores, a phenomenon denoted support invasion [5].   

The support invasion results in increased total film thickness and thus creates a longer 

effective diffusion path through the zeolite, reducing the permeance through the membrane 

[11]. It is well known that crack formation can be caused by the mismatch in thermal 

expansion between support and zeolite film [3] and a strongly bonded support is thus believed 
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to result in more cracks in the film [10]. In previous work [11] it was shown that the amount 

of defects increased with increased support invasion. 

Several methods to minimise support invasion have been reported. Lai et al. dipcoated the 

support with mesoporous silica [7] and Yan et al created a diffusion barrier by polymerising a 

mixture of furfuryl alcohol and TEOS in the support pores [12].  Hedlund et al. developed a 

two step support masking method to protect the support from zeolite growth [5, 11]. In this 

method, the support pores are completely filled with wax, leaving only a thin layer close to 

the surface free for film deposition.   

In previous work by our group, the effect of support masking and thus reduced support 

invasion has been reported for both thinner and thicker silicalite-1 films [5, 11]. An 

improvement in both selectivity and permeance was observed for masked membranes. In the 

current work, the effect of varied support invasion is studied to fully understand the impact of 

support invasion on silicalite-1 membrane quality.  



Experimental 
Membrane preparation 

Porous graded - alumina micro-filtration filters (Inocermic GmbH, Germany), with a median 

pore size of 100 nm in the top layer were used as supports. The supports were masked as 

described earlier [5, 11]. The procedure is depicted in Figure 1 and described briefly below. 

After cleaning and drying, see Figure 1 (A), the support is coated with polymethylmetacrylate 

(PMMA) dissolved in aceton (B). The viscosity of this mixture is 30 cP. The coating is dried 

and the supports are submerged in molten wax in a vacuum oven in order to completely fill 

the support pores with wax (C). Finally, the PMMA coating is dissolved (D), which leaves a 

free support top surface available for film growth, while the interior of the support is 

protected from zeolite deposition. 

Figure 1. The masking procedure 

In previous work [5, 11], a PMMA polymer with trade name CM205 (Polykemi AB, Sweden) 

with a molecular weight (Mw) of 90-110 K was used. This polymer is sold in large quantities 

for injection moulding, extrusion moulding or compression moulding to produce for example 

sunglasses and car indicator covers. The PMMA CM205 contains heat stabilization additives 

disclosed by the producer, the form of the additives is however no not specified. To vary the 

penetration of the PMMA layer and hence the zeolite support invasion, a range of PMMA 

polymers with different molecular weight were used in the present work in addition to 

CM205. These PMMA polymers were purchased from Sigma-Aldrich and the weight average 

molecular weights (Mw) were 996K, 350K and 120K of the polyerms used. Unlike CM205, 



these polymers were free from additives. The concentrations of the various PMMA polymers 

in acetone were selected to arrive at a viscosity of 30 cP, see Table 1 for details. 

After support masking, silicalite-1 films were grown as described earlier [5]. 60 nm silicalite-

1 seeds were attached to the support surface and films were subsequently grown under 

hydrothermal treatment for 72 hours in a synthesis solution with the molar composition 3 

TPAOH: 25 SiO2: 1500 H2O: 100 EtOH. The synthesis time was chosen to obtain a film with 

a thickness of about 700 nm that reproducibly crack. Please note that films with a thickness of 

500 nm are crack free [5]. For comparison, a film was also grown on an unmasked support. 

The membranes were finally calcined at 500 ºC to remove the wax from the support pores and 

to decompose the template. The sample codes are referring to the PMMA polymer used 

during masking, see Table 1. The membrane prepared without masking is denoted U72 as 

before [11]. Two membranes of each type were prepared and all results presented in this work 

are average values for two membranes if nothing else is stated. 

Table 1. Sample codes, PMMA polymer used for masking and the concentration of PMMA in 
the acetone solution. 

Sample code 
PMMA used for 

coating
Concentration (w%) 
of PMMA solution 

U72 not coated 
MCM205 CM205 21.0
M120K Mw = 120K 19.0
M350K Mw = 335K 12.5
M996K Mw = 996K 10.5

Characterization

The membranes were characterized by X-ray diffraction using a Siemens D5000 X-ray 

diffractometer running in Bragg- Brentano geometry.  A Philips XL 30 scanning electron 

microscope with a LaB6 filament was used to study surface morphology and film thickness. 

All samples were sputtered with gold prior to investigation.  The viscosity was measured with 

a Brookefield viscometer DV II+. 

Directly after calcination, the membranes were mounted in a stainless steel cell for single gas 

permeation measurements of He, N2, H2 and SF6 gas at room temperature using a pressure 

drop of 0.5 bar and atmospheric permeate pressure. The membranes were also investigated 



with n-hexane porosimetry [13]. The membranes were dried overnight at 300 ºC in a flow of 

helium and the helium permeance was subsequently measured at room temperature. n-Hexane 

was then fed to the system with increasing partial pressure and the helium permeance at 

equilibrium was measured at each partial pressure. n-Hexane will block the pores of the 

membrane. At a relative pressure (p/p0) of n-hexane of 0.01, all pores smaller than 1.1 nm will 

be blocked, and as the relative pressure of n-hexane is increased larger and larger 

pores/defects will be blocked and the helium permeance will be reduced. The Horvath-

Kawazoe, (micropores) and Kelvin (mesopores) equations were used to relate the n-hexane 

pressure to a certain pore diameter di as described earlier [13-15]. In the present work the 

relative permeance through defects was defined as the remaining permeance after blocking 

pores smaller than 1.1 nm at p/p0= 0.01 relative to the total permeance through the membrane 

at p/p0 = 0.



Results

All membranes were investigated with XRD after support masking and removal of the 

PMMA layer, prior to film growth. The polyethylene wax is crystalline and shows several 

weak diffraction peaks. Figure 2 shows the X-ray diffraction patterns of the strongest 

reflection (110) from the polyethylene wax in all masked samples and Table 2 shows the 

integrated intensities of the reflection. The intensity of the reflection was normalized to the 

alumina reflection at 25.7 º 2 , which was used as internal standard.
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Figure 2. The (110) reflection from the wax in the masked support after removal of the PMMA 
layer. Average data of two samples of each type. The 101 reflection was normalized to the 
alumina peak of the support. 

Membrane U72 is not masked and hence no wax reflection is observed and this support is 

fully accessible for support invasion. The integrated intensity of the wax reflection of the 

masked samples follows the molecular weight of the PMMA and is increasing in the order 

MCM205, M120K, M350K and M996K. A strong wax reflection is observed for sample 

MCM205, which shows that the wax is approaching the top surface of the support and thus 

protects most of the support from invasion, as reported earlier [11]. Even stronger wax 

reflections are observed for samples M120K, M350K and M996K, which shows that the wax 

is reaching even closer to the top surface of these samples.  The difference in wax reflections 

for the different samples is probably attributed to the difference in molecular weight of the 

PMMA. A PMMA with high molecular weight will of course have long polymer chains. The 

long polymer chains will penetrate the support less and thus the wax will reach closer to the 



support surface. However is should be kept in mind that these XRD data only indicate how 

close the wax on average reaches the top surface of the support. 
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Figure 3.  Average normalised XRD patterns of two zeolite films of each type in the region 

22-25º 2 .

To estimate zeolite support invasion, additional XRD data was collected after growth of the 

silicalite-1 film. Figure 3 shows the XRD patterns of all membranes in the 2  region with the 

strongest reflections. Since the XRD signal in this region emanates from the top surface of the 

film down to a depth of about approximately 10 m, the signal will be the sum of the signal 

from the films grown on top of the support and any signal from support invasion above this 

depth. The integrated intensities of the (501) and (303) reflections of the zeolite are shown in 

Table 2. The strongest intensities are observed for the unmasked sample U72, followed by 

MCM205 and M120K, M350K and M996K. As expected, a reverse trend is observed for the 

integrated intensities of the zeolite reflections compared to the wax reflection. This shows that 

the molecular weight of the PMMA controls how close to the top surface of the support the 

wax is reaching, which in turn controls the zeolite support invasion. 



Table 2. Normalized integrated intensities of the 110 reflection from the polyethylene wax and 
the (501) and (303) reflections from the zeolite film and weight gain. Average data for two 
membranes of each type. 
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The weight gain of the support after film synthesis and calcination was also measured and the 

results are shown in Table 2. The weight gain follows the same trend as the integrated 

intensities of the zeolite reflections. This is expected since both weight gain and integrated 

intensity of zeolite peaks reflects the total amount of zeolite on the support. Since all films 

were grown for 72h, the difference in intensity and weigh gain could only be attributed to 

differences in support invasion. The (501) and (303) reflections and the weight gain thus 

shows that the unmasked membrane U72 has significantly more support invasion than the 

masked membranes and that the masked membranes MCM205 has slightly more support 

invasion than the other masked membranes. However, the (501) reflection and especially the 

(303) reflection, show that the support invasion in samples M120K, M350K and M996K is 

similar. 

Figure 4 shows SEM side view images of all membranes. The film thickness, i.e. the zeolite 

film grown on top of the support, is 650 nm for all membranes. Figure 4 (a) shows a side view 

image of the unmasked membrane U72. Extensive support invasion is observed. The average 

thickness of the continuous support invasion is 600 nm and there are also zeolite islands 

deposited as far as 20 m down in the support. Figure 4 (b) shows a side view of the 

membrane MCM205. Continuous support invasion with a thickness of approximately 300 nm 

is observed and no zeolite islands are observed in the support. Figure 4 (c), (d) and (e) shows 

SEM side view images of M120K, M350K and M996K, respectively. Much more irregular 

support invasion is observed for these samples compared to membrane MCM205. For these 



three membranes, areas with thin (100-300 nm) continuous invasion and areas with thicker 

continuous support invasion (300-700 nm) is observed and in addition zeolite islands are 

deposited in the support. Areas with continuous thin support invasion is shown to the right 

hand side in figure 4 (c), (d) and (e), and areas with continuous thicker support invasion is 

shown to the left in figure 4 (d) and (e) and in addition, a zeolite island is observed in the left 

part of figure 4 (d). 

Figure 4. Representative SEM side view images of (a) unmasked membrane U72 (b) masked 
membrane CM205 and SEM side view images showing both extensive support invasion (to the 
left) and thin support invasion (to the right) for membranes (c)M120K (d)M350K and 
(e)M996K.

Figure 5 shows the porosimetry patterns for all membranes and Table 3 shows relative helium 

permeance through defects. The unmasked membrane U72 has the lowest initial permeance of 

all membranes (28⋅10-7 mol/(m2⋅s⋅Pa) at P/P0=0). This is probably caused by the extensive 



support invasion in the form of continuous invasion and zeolite islands as observed by SEM 

and XRD data. The porosimetry data show that the relative permeance through defects is as 

much as 19 %. The permeance at P/P0 > 0.7 is very low for membranes U72, which indicates 

that no defects with a width larger than ~ 9 nm are present. The porosimetry data also show 

that membranes MCM205 have higher quality than all other membranes. The relative 

permeance through defects is as low as 0.9 %. As for membranes U72, the permeance for 

MCM205 at P/P0 > 0.7 is very low. Membranes M120K have the lowest quality of the 

masked membranes with more than 7 % of the total helium permeance via defects. The 

porosimetry data also show that membranes M120K have the highest amount of larger defects 

since the He permeance is not approaching zero at P/P0 > 0.7. Membranes M350K show some 

improvement in quality compared to membranes M120K, with 4.3 % of the helium 

permeance via defects. After MCM205, M996K has the second best quality with 3.5 % of the 

permeance via defects. 
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Figure 5. Average porosimetry data for two membranes of each type.

Table 3 shows single gas data and relative He permeance via defects for all membranes. 

Membranes U72 have the lowest He permeance and the lowest permeance ratios of all 

membranes. This is caused by extensive support invasion resulting in defects, as shown by 



porosimetry. Membranes MCM205 have somewhat lower He permeance than the other 

masked membranes, probably related to an even and somewhat deeper continuous support 

invasion as indicated by XRD data and weight gain. Membranes MCM205 also have the 

highest single gas permeance ratios as a result of the excellent porosimetry data as already 

shown by porosimetry. Membranes M996K, M350K and M120K have significantly higher He 

permeance, higher relative helium permeance via defects and lower permeance ratios than 

membranes MCM205. These masked membranes are thus certainly more defective than 

membranes MCM205 although XRD data and weight gain showed that the average support 

invasion was even lower for these membranes than for membranes MCM205. It is likely that 

the varying continuous support invasion and/or the zeolite islands in the support of these 

membranes results in defects 

Table 3. Average He permeance and permeance ratios for two membranes of each type from 
single gas permeation data (pressure drop was 0.5 bar and the permeate was kept at 
atmospheric pressure in all cases) and relative He-permeance through defects larger than 
1.1nm from porosimetry data.

He permeance Relative He permeance Permeance ratios 
Sample (10-7mol m-2 s-1 Pa-1) through defects (%) H2/He H2/SF6 N2/He He/SF6

U72 32 ± 12 19 1.8 10.6 1.0 6.0
Mcm 71 ± 0.2 0.9 2.3 14.3 1.4 6.3
120K 91 ± 2.5 7.1 2.1 11.6 1.2 5.4
350K 84 ± 2.0 4.3 2.2 12.8 1.3 5.7
996K 82 ± 1.9 3.5 2.2 13.3 1.3 5.9

All the results show that masked membranes have significantly higher quality and permeances 

than unmasked membranes, as demonstrated earlier [11]. The membranes with the highest 

quality was MCM205. This is most likely due to even support invasion and the absence of 

zeolite islands that was not obtained for the other membranes. The additives in the PMMA 

CM205 may cause a more even penetration of the PMMA into the support, which may result 

in a more even continuous support invasion and no zeolite islands in the support. Uneven 

continuous support invasion and zeolite islands in the support may result in local stress during 

calcination, resulting in defects. The differences observed in quality between the membranes 

M120K, M350K, M996K could be attributed to the small difference in average support 

invasion as observed with XRD and weight gain. 



Conclusions
This study shows that support invasion decreases the quality of silicalite-1 membranes. The 

investigation also demonstrates that the regularity of the support invasion is an important 

factor affecting MFI membrane quality. An even support invasion, without zeolite islands in 

the support is less detrimental for membrane quality than an uneven support invasion with 

zeolite islands in the support. To obtain high quality membranes the support invasion should 

as thin as possible, even and no zeolite islands should be present in the support. 
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Abstract
 The effects of long exposures to ethanol, water and 0.1 M aqueous solutions of ammonia, 

sodium hydroxide, TPAOH, and hydrochloric acid on thin TPA-silicalite-1 membranes were 

studied. Single gas permeation experiments, porosimetry and scanning electron microscopy 

were used to characterize the membranes. It was found that a short exposure (24h) will only 

dissolve synthesis residues and will not affect membrane quality negatively. The only media 

that had an effect after 24 hours was sodium hydroxide, which almost dissolved the film 

completely. After exposing TPA-silicalite-1 membranes for 30 days in the various liquids, the 

membrane quality decreased in the order ethanol < 0.1 M hydrochloric acid < 0.1 M TPAOH 

< water < 0.1 M ammonia < 0.1 M sodium hydroxide due to dissolution of the silicalite-1 

crystals. This study has shown that prolonged exposure to aqueous solutions will lead to 

dissolution of silicalite-1 crystals causing an increase in micro- and meso-pores in the film. 

The amount and size of the pores will depend on the pH of the aqueous media. Higher pH 

gives a higher dissolution and hence more non-zeolitic pores in the silicalite-1 film. Ethanol 

has no effect on the dissolution of the zeolite film even after 30 days. This finding has an 

effect in several membrane applications such as pervaporation and separation of hydrocarbons 

isomer mixtures. 

Keywords: MFI, membrane, liquid exposure, micro- and mesopore formation 
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Introduction
 Zeolite membranes have the potential for use in various continuous separation processes 

and the pore diameter of the MFI structure is suitable for separation of many industrially 

important hydrocarbon isomers. Thin (about 1 μm) and defect free MFI films are essential for 

high flux and selectivity in the membrane processes [1, 2]. In previous work, several 

parameters affecting microstructure and defects in MFI films such as the effect of preferred 

orientation [2-4], grain boundaries [5-7], heating rate [8], and support masking [9] has been 

studied and reported. The influence of film texture on membrane performance has been 

reviewed [10] and a number of studies on crack formation mechanism have also been reported 

[11-13]. These reports focused on the thermal expansion and contraction of the MFI unit cell 

during calcination.

 It is well know that all silicates are slightly soluble in water at room temperature and the 

solubility is 6 ppm and 100-130 ppm for quartz and amorphous silica, respectively [14]. 

Furthermore, dissolution of zeolites in, acidic media [15, 16] and in alkaline media [17-20] 

has been extensively studied. Treatment of zeolites in acidic media is often used to extract 

aluminium from the zeolite framework, in a process referred to as dealumination [16]. 

Desilication (extraction of Si) by alkaline treatment of zeolite crystals is carried out in order 

to increase the mesoporosity and enhance the catalytic reactivity [17, 18]. Zeolite membranes 

are often rinsed after synthesis in distilled water [12, 21] or aqueous ammonia solution [1] or 

other rinsing media in order to remove synthesis mixture from the membranes. The effect of 

an alkaline treatment on membrane performance was studied by Navajas et al [22]. They 

found that a short treatment dissolves non-zeolitic material and enhances the performance of 

mordenite membranes in pervaporation applications. Furthermore, in pervaporation 

applications, zeolite membranes are constantly exposed to liquids such as water or ethanol 

during operation [23]. Since the film in high flux zeolite membranes [1, 2]  is quite thin and 

the solubility of silicates in most liquids is not negligible, it is clear that dissolution of the film 

during long exposures to liquids, during rinsing after synthesis or during operation in a 

pervaporation application, may be a problem that must be addressed. However, to the best of 

our knowledge, no systematic study of this has been reported in the scientific literature and 

the present study is devoted to this topic. 



Experimental
 TPA-silicalite-1 membranes with a film thickness of 400 nm were prepared as described 

in detail elsewhere [1] and a short description of the preparation procedure is given here.; The 

supports were masked with polyethylene wax and seeded with 60 nm TPA-silicalite-1 seeds 

and hydrothermally treated in an oil bath at 100 °C at atmospheric pressure under reflux for 

30 hours. The molar composition of the synthesis solution was 3TPAOH : 25SiO2 : 1500H2O

: 100EtOH. The alkali source was tetrapropylammonium hydroxide (TPAOH, aqueous 

solution 40 %, AppliChem), and the silica source was tetraethoxysilane (TEOS,>98 %, 

Merck)

 After hydrothermal treatment, the membranes were exposed to either anhydrous ethanol 

(E), distilled water (W), 0.1 M aqueous solutions of ammonia (A), sodium hydroxide (S), 

tetrapropylammonium hydroxide (T), or hydrochloric acid (H) for 24 hours or 30 days. For

each exposure time and media, two membranes were prepared, i.e. 24 membranes were 

prepared in total. Hereafter, the samples will be denoted with self-explaining sample codes. 

The media will be indicated first, followed by the exposure time in days. All membranes 

were, after completed hydrothermal treatment, cooled to room temperature in the synthesis 

solution and subsequently rinsed with 50 ml media using a syringe. The membranes were 

subsequently placed in 30 ml media in a closed PE-tube for 30 days or 24 hours and the media 

was exchanged once every day. Finally, the membranes were calcined at 500 °C for 6 hours 

[1].

 Single gas experiments at room temperature using helium, nitrogen, hydrogen and sulphur 

hexaflouride as probe molecules were carried out using a pressure drop of 0.5 bar with 

atmospheric permeate pressure. n-Hexane porosimetry was carried out at room temperature 

with a feed pressure of 30 to 115 kPa (depending on membrane quality) and atmospheric 

pressure at the permeate side. In n-hexane porosimetry [1, 24], the helium permeance is 

measured as a function of pressure of a condensable hydrocarbon, in this case n-hexane. The 

measurement starts at zero pressure of hydrocarbon and a dry membrane. In this case, helium 

will permeate through zeolite pores and all defects. When the pressure of the hydrocarbon is 

increasing in the experiment, zeolite pores and subsequently larger pores will be blocked by 

capillary condensation of the hydrocarbon. The Horvath-Kawazoe, (micropores) and Kelvin 

(mesopores) equations were used to relate the n-hexane pressure to a certain pore diameter di

[25, 26].

The Horvath-Kawazoe equation:   
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d =half width of a slit shaped pore
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γ = surface tension, Vm= molar volume

At a relative pressure of n-hexane of 0.01, i.e. at the first point with n-hexane in the feed, all 

pores smaller than 1.1 nm are blocked according to equation (1) [23]. At a relative pressure of 

0.025, pores smaller than 2.65 nm are blocked according to equation (2) [23]. 

 A Phillips XL30 Scanning Electron Microscope (SEM) with a LaB6 filament was used to 

record SEM images. All samples were sputtered with gold prior to investigation.

 X-ray diffraction patterns were collected with a Siemens D5000 equipped with grazing 

incidence attachment (long soller slits and LiF – monochromator). The incidence angle was 

kept at 1º and 2  was scanned between 22.5-27 º. The step size was 0.02 º and the time per 

step was 30 s. The patterns obtained were refined with a least square model with a Lorentz 

line shape function and a common shape and width was used. The error between refined and 

experimental data is indicated by the reliability index (RI) defined as 

−
=

0

0

I
II

RI C      (3) 

 The silica content in the 0.1 M ammonia solution after storing the membrane was detected 

by ICP-AES (Analytica, Sweden). 



Results and discussion 
 As a reference, average porosimetry data with error bars for 10 membranes (A3) prepared 

in previous work [1], is given in Figure 1 a). These membranes were rinsed in a media A, (0.1 

M ammonia) solution for 3 days. As published before [21], the A3 membranes have high flux 

and good separation performance for hydrocarbon isomers. 
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Figure 1. Average porosimetry data for 2 membranes of each type exposed to various medias 

for 1 day (a), and 30 days (b). Average data for 10 reference membranes of type A3 from 

previous work [21] is also shown in (a).  

 The porosimetry patterns (average for 2 membranes) for the membranes prepared in the 

present work and exposed for 24 hours are shown in Figure 1 a. For all membranes (E1, W1, 

A1, T1 and H1) except S1, a large permeance drop is observed in the range 0 < p/p0 < 0.01, 

indicating that most of the helium permeate through pores smaller than 1.1 nm in these 

samples. A careful inspection of the data indicates that these membranes have similar high 

quality as the 10 reference membranes of type A3, since all data points from the membranes 

in the present work fall within standard deviation for the ten reference membranes. Table 1 

shows relative permeances through various pore width intervals derived from the porosimetry 

data. More than 99 % of the helium permeance is via pores smaller than 1.1 nm for all 

membranes exposed for 1 day except S1. Most of the helium permeance for S1 (71%) is 

through pores larger than 2.65 nm, indicating that these “membranes” have a large amount of 

defects in the form of meso- and macropores, probably caused by severe film dissolution.  

 Porosimetry data for membranes rinsed for 30 days are shown in Figure 1b and a clear 

trend is observed. Only membranes E30 are of similar high quality, with little permeance 

through mesopores and macropores, as the ten reference membranes. The helium flow 



through pores larger than 1.1 nm is increasing in the order E30<H30<T30=W30<A30< S30. 

Table 1 shows that as much as about 30% of the helium permeates via pores with diameter d 

between 1.1 nm and 2.65 nm for samples T30 and W30. Even more pores in this range are 

present in sample A30, 50% of the helium permeance is via these pores. The large amount of 

pores in the range 1.1 - 2.65 nm may be caused by dissolution of the zeolite crystals in the 

grain boundaries between crystals in the film, which should be accompanied by dissolution of 

zeolite on top of the film, the latter resulting in slightly thinner films. The pores may also 

form due to dissolution of non-zeolitic material, such as residues from the synthesis mixture, 

trapped in the grain boundaries. The data shows that samples A30 have a significant amount 

of pores larger than 2.65 nm and the helium permeance at p/p0 =0 is 290 mol/(m2⋅s⋅Pa). For 

comparison, a blank support without film has a helium permeance of about 300⋅10-7

mol/(m2⋅s⋅Pa) at p/p0 = 0. The results for A30 indicate that this dissolution process has 

reached even further and that the films on samples S30 probably have dissolved completely.  

Table 1. Relative permeance through various pore width intervals in the membranes (average 

for two membranes of each type).   

Relative permeance through pores with d / [%] 
Sample d < 1.1 nm 1.1 nm < d < 2.65 nm 2.65 nm < d 

E1 99,0 0,51 0,47
H1 99,5 0,34 0,17
T1 99,5 0,34 0,19
W1 99,1 0,72 0,23
A1 99,1 0,37 0,52
S1 0,96 33,9 65,1

E30 98,9 0,62 0,51
H30 94,0 5,58 0,39
T30 71,7 27,8 0,47
W30 71,7 27,1 1,20
A30 36,0 50,1 13,9
S30 2,81 26,7 70,5

 Figure 2 shows representative SEM top view images of A1, E1, A30 and E30. Comparing 

A1, A30, E1 and E30 there is no obvious difference in surface morphology. This 

demonstrates the importance of using single gas permeation data and porosimetry to study 

membrane quality.  



Figure 2. SEM surface images of the membranes A1(a), E1 (b,) A30 (c) and E30( d).    

Figure 3. SEM side view images of the membranes A1 (a), E1 (b), A30 (c) and E30 (d).



 Figure 3 shows side views of samples A1, E1, A30 and E30. The film thickness for A1 

and E1 is about 400 nm. The images also shows that the film on A30 (3c) is thinner than the 

film in the other membranes. The film thickness, measured with SEM, for all membranes 

prepared is shown in table 2. 

 Table 2 shows results from the single gas permeation measurements, film thickness and 

pH in the aqueous solutions. All membranes prepared in the present work have higher single 

gas helium permeance than the ten reference membranes A3. This is probably due to slightly 

thinner films (c.f. Table 2) in the present work compared to the ten reference membranes. 

According to porosimetry data these membranes had similar quality as A3, showing that the 

lower permeance ratios is not an indication of defects. The high permeance will result in 

reduced permeance ratios due to increased relative pressure drop over the support, where 

Knudsen diffusion is the dominating transport mechanism [27].   

Table 2. pH in the rinsing media, approximate film thickness measured with SEM and single 

gas permeation data for selected samples at room temperature. Pressure drop was 0.5 bar or 

in two cases 0.3 bar (indicated with *) and the permeate was at atmospheric pressure in all 

cases. No film thickness was possible to measure for sample S1 in accordance with the very 

high helium permeance. 

He permeance Permeance ratios Film thickness pH in aq.
Sample (10-7mol m-2 s-1 Pa-1) H2/He H2/SF6 N2/He N2/SF6 nm solution

A3 87± 6 2.6 14 1.6 8 500 11
E1 121± 6 2.3 10 1.2 5.3 400 ± 50 -
H1 106 ± 2 2.3 10.9 1.3 6.2 400 ± 50 1
T1 104 ± 3 2.4 11.4 1.5 6.9 400 ± 50 12
W1 115 ± 3 2.4 10 1.3 5.5 400 ± 50 7
A1 122 ± 4 2.4 10 1.2 5.3 400 ± 50 11
S1 322* 1.9 3.63 0.63 1.2 - 13

E30 110 ±  0 2.3 8.9 1.3 5.2 350 ± 50 -
H30 128 ±  5 2.1 5.9 1.1 3.1 350 ± 50 1
T30 189 ± 8 2.0 5.9 0.9 2.7 350 ± 50 12
W30 213 ±  0 1.9 5.5 0.8 2.2 320 ± 50 7
A30 261 ±  4 1.8 5.6 0.7 2.3 300 ± 50 11
S30 319* 1.7 4.1 0.6 1.4 - 13

 The single gas data for samples exposed for 30 days supports the conclusions from 

porosimetry data. Samples E30 maintain similar helium permeance as the best membranes 



exposed for 1 day and thus similar high quality and the helium permeance is increasing and 

the quality is decreasing in the order E30<H30<T30<W30<A30. The increased single gas 

permeance is accompanied by a decrease in the H2/He and N2/He ratios as expected due to 

higher relative pressure drop over the support [27]. This increase in permeance and decrease 

in permeance ratios could be explained both by the decrease in film thickness, as observed 

with SEM (c.f. Table 2 and discussion below) and the increase of pores > 1.1 nm as indicated 

by porosimetry data (c.f. Table 1). The observed reduction in film thickness by SEM, thus 

supports the hypothesis that the zeolite crystals are dissolved. The pH of each aqueous 

solution is shown in Table 2 and it implies a connection between pH and membrane quality. 

For the samples E30, H30, W30, A30, S30 the corresponding pH is – (not defined), 1, 7, 11 

and 13 and the helium permeances are 110, 128, 213, and 319. The results show a minimum 

dissolution at the low pH then an increase in dissolution with pH. The dissolution rate of 

silica also shows an increase with pH [14], but previous reports on zeolite dissolution shows 

minimum dissolution rate at neutral pH [28, 29]. These experiments were however performed 

on “real” aluminosilicates and at low pH, aluminium is preferentially dissolved [16, 29]. The 

discrepancy between the results obtained in this study and that in the literature regarding the 

presence of a minimum near pH 7 could be due to the difference in experimental procedures, 

with the current study performed using silicalite-1 films. The samples T30 are a special case, 

it is known that the TPA+ ion has a stabilizing effect on the MFI structure [30, 31]. 

 The (H2, N2)/SF6 ratios for membranes exposed for 30 days does not follow exactly the 

same trend observed by porosimetry and H2/He and N2/He single gas permeance ratios. This 

is explained by the fact that a large fraction of the SF6 transport in the substrate occurs via 

Poiseuille flow, while all other molecules are transported via Knudsen diffusion [27]. As the 

permeance increases due to more pores > 1.1 nm and a thinner film, the relative pressure drop 

over the substrate will increase, and thus the total pressure in the substrate will increase, 

which will favor the SF6 transport via Poiseuille flow. This explains why the (H2, N2)/SF6

ratios are almost constant for the samples H30, T30, W30 and A30, although both 

porosimetry and gas/helium ratios clearly show that the quality is varying for these samples, 

as discussed in [32].

 Figure 4 shows XRD patterns for the same sample after 24h (A1) and 30 days (A30) of 

exposure to a 0.1 M ammonia solution. The integrated intensity of the silicalite-1 reflections 

is higher (6.74 cps*deg) for A1 than for A30 (5.76 cps*deg), which is accompanied by an 

opposite trend for reflection from the alumina support at 25.7 º 2 . In concert with 

porosimetry, single gas permeation, and SEM results, the XRD data indicates that some of the 



zeolite film has dissolved on samples A30, causing a reduction of zeolite reflections (less 

zeolite) and increased alumina reflection (less X-ray absorption of the zeolite film on top of 

the support) 
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Figure 4. XRD patterns on the same silicalite-1 membrane after storing in ammonia for 24h 

(A1) and 30 days (A30) in the 2  range 22-27 º(a) and 22.5-25 º (b). 

 The width (FWHM) of the 501 reflection at 23.2º 2  for the silicalite-1 film was estimated 

after refinement and was 0.12 º 2  for A1 and 0.136º 2  for A30. The error RI between 

refined and experimental data was 4% for A1 and A30, indicating a good fit of the refined 

data. The FWHM of a quartz standard sample comprised of large crystals without defects, 

strain or stress was 0.07 º 2 .  In concert with all other data, the broader reflection for sample 

A30 compared to A1, indicates that the zeolite crystals are smaller in sample A30, likely 

caused by dissolution of zeolite due to the long exposure to the 0.1 M ammonia solution. 

 The silicon content in the last 0.1 M ammonia solution used to expose samples A1 and 

A30 was 24.8 ppm and 0.6 ppm, respectively. The initially high content of silicon in the 

solution indicates that first synthesis residues and amorphous silica are dissolved. Once the 

synthesis residues are removed the ammonia will slowly dissolve the film as indicated by 

XRD and SEM. 

 These finding leads us to the following hypothesis concerning the creations of micro- and 

mesopores in TPA-Silicalite-1 films due to exposure of aqueous solutions:  

 It is most probable that the increased porosity is open grain boundaries, since the 

investigation was performed on TPA-silicalite-1 membranes. The rate of dissolution and 

hence the size and amount of extra pores, will depend on the pH of the solution, an increase in 

pH will lead to an increase in porosity. Depending on the texture of the grain boundaries, the 



pores will be created differently. If there is non-zeolitic material, such as amorphous silica, in-

between the grains the pores will probably be created faster. If the crystal boundaries are 

intergrown the creation will be slower and relative to the decrease in film thickness. 



Conclusions 
 The present work has shown that the micro- and meso-porosity increased in thin silicalite-

1 membranes in a controlled way by long exposure to aqueous solutions at room temperature. 

This may be used intentionally to create pores in zeolite membranes but it also has effect on 

the lifetime of zeolite membranes in for example pervaporation applications. The porosity 

increases with the pH of the solution, from a very low increase at pH 1 to a complete 

dissolution of the film at pH 13. 

 A short exposure to aqueous solutions has no effect on the porosity of the membrane, 

except for an exposure to 0.1M sodium hydroxide solution (pH 13), which will dissolve the 

film already after 24 hours. Short exposure to aqueous solutions such as ammonia and pure 

water will only dissolve synthesis residues and amorphous silica. This short exposure is 

therefore excellent to use on membranes after synthesis to remove residues without increasing 

then on-zeolitic porosity. Ethanol has no effect on the sililicate-1 membranes and could be 

considered as a storing media for zeolite membranes. 

Acknowledgement 
The authors acknowledge the Swedish Research Council (VR) for financially supporting this 

work.



References 

[1] J. Hedlund, J. Sterte, M. Anthonis, A.-J. Bons, B. Carstensen, N. Corcoran, D. Cox, H. 

Deckman, W. De Gijnst, and P.-P. de Moor, Microporous Mesoporous Mater., High-

flux MFI membranes, 52 (2002) 179. 

[2] Z. Lai, G. Bonilla, I. Diaz, J.G. Nery, K. Sujaoti, M.A. Amat, E. Kokkoli, O. Terasaki, 

R.W. Thompson, M. Tsapatsis, and D.G. Vlachos, Science, Microstructural 

Optimization of a Zeolite Membrane for Organic Vapor Separation, 300 (2003) 456. 

[3] J. Hedlund, J. Porous Mat., Control of the Preferred Orientation in MFI Films 

Synthesized by Seeding, 7 (2000) 455. 

[4] J. Hedlund, S. Mintova, and J. Sterte, Microporous Mesoporous Mater., Controlling 

the preferred orientation in silicalite-1 films synthesized by seeding, 28 (1999) 185. 

[5] C. Andersson, J. Hedlund, F. Jareman, and J. Sterte, Silicalite-1 membranes with small 

crystal size, in: 14th International Zeolite Conference,  Cape Town, South Africa, 2004 

[6] G. Bonilla, M. Tsapatsis, D.G. Vlachos, and G. Xomeritakis, J. Membr. Sci., 

Fluorescence confocal optical microscopy imaging of the grain boundary structure of 

zeolite MFI membranes made by secondary (seeded) growth, 182 (2001) 103. 

[7] G. Bonilla, D.G. Vlachos, and M. Tsapatsis, Microporous Mesoporous Mater., 

Simulations and experiments on the growth and microstructure of zeolite MFI films 

and membranes made by secondary growth, 42 (2001) 191. 

[8] F. Jareman, C. Andersson, and J. Hedlund, Microporous Mesoporous Mater., The 

influence of the calcination rate on silicalite-1 membranes, 79 (2005) 1. 

[9] J. Hedlund, F. Jareman, A.-J. Bons, and M. Anthonis, J. Membr.Sci, A masking 

technique for high quality MFI membranes, 222 (2003) 163. 

[10] J. Hedlund and F. Jareman, Curr. Opin. Colloid Interface Sci., Texture of MFI films 

grown from seeds, 10 (2005) 226. 

[11] M.J. den Exter, H. van Bekkum, C.J.M. Rijn, F. Kapteijn, J.A. Moulijn, H. Schellevis, 

and C.I.N. Beenakker, Zeolites, Stability of Oriented Silicalite-1 Films in View of 

Zeolite Membrane Preparation, 19 (1997) 13. 

[12] J. Dong, Y.S. Lin, M.Z.C. Hu, R.A. Peascoe, and E.A. Payzant, Microporous 

Mesoporous Mater., Template-removal-associated microstructural development of 

porous-ceramic-supported MFI zeolite membranes, 34 (2000) 241. 



[13] E.R. Geus, J.C. Jansen, and H. van Bekkum, Zeolites, Calcination of large MFI-type 

single crystals: Part 1. Evidence for the occurrence of consecutive growth forms and 

possible diffusion barriers arising thereof, 14 (1994) 82. 

[14] R.K. Iler, The Chemistry of Silica: Solubility, Polymerisation, Colloidal and Surface 

Properties, and Biochemistry, Wiley, New York, 1979. 

[15] R.L. Hartman and H.S. Fogler, Ind. Eng. Chem. Res., Reaction kinetics and 

mechanisms of zeolite dissolution in hydrochloric acid, 44 (2005) 7738. 

[16] P.J. Kooyman, P. van der Waal, and H. van Bekkum, Zeolites, Acid dealumination of 

ZSM-5, 18 (1997) 50. 

[17] J.C. Groen, J.A. Moulijn, and J. Perez-Ramirez, J. Mater. Chem., Desilication: On the 

controlled generation of mesoporosity in MFI zeolites, 16 (2006) 2121. 

[18] J.C. Groen, L.A.A. Peffer, J.A. Moulijn, and J. Perez-Ramirez, Microporous 

Mesoporous Mater., On the introduction of intracrystalline mesoporosity in zeolites 

upon desilication in alkaline medium, 69 (2004) 29. 

[19] A. Cizmek, L. Komunjer, B. Subotic, M. Siroki, and S. Roncevic, Zeolites, Kinetics of 

zeolite dissolution: Part 1. Dissolution of zeolite A in hot sodium hydroxide, 11 (1991) 

258.

[20] A. Cizmek, L. Komunjer, B. Subotic, M. Siroki, and S. Roncevic, Zeolites, Kinetics of 

zeolite dissolution. Part 2. Dissolution of zeolite X in hot sodium hydroxide solutions, 

11 (1991) 810. 

[21] Z. Lai, M. Tsapatsis, and J.P. Nicolich, Adv. Funct. Mater., Siliceous ZSM-5 

membranes by secondary growth of b-oriented seed layers, 14 (2004) 716. 

[22] A. Navajas, R. Mallada, C. Tellez, J. Coronas, M. Menendez, and J. Santamaria, J. 

Membr. Sci., The use of post-synthetic treatments to improve the pervaporation 

performance of mordenite membranes, 270 (2006) 32. 

[23] T.C. Bowen, R.D. Noble, and J.L. Falconer, J. Membr. Sci., Fundamentals and 

applications of pervaporation through zeolite membranes, 245 (2004) 1. 

[24] H.W. Deckman, D.M. Cox, A.-J. Bons, B. Carstensen, R.R. Chance, E.W. Corcoran, 

W. De Gijnst, J.A. McHenry, J.J. Reinoso, R.B. Saunders, and P.J. Tindell, 

Characterization of zeolite membrane quality and structure, in: IWZMM2001 Book of 

Abstracts, 2001 

[25] F. Jareman, J. Hedlund, D. Creaser, and J. Sterte, J. Membr. Sci., Modelling of single 

gas permeation in real MFI membranes, 236 (2004) 81. 



[26] S.U. Rege and R.T. Yang, AIChE Journal, Corrected Horvath-Kawazoe equations for 

pore-size distribution, 46 (2000) 734. 

[27] F. Jareman and J. Hedlund, Microporous Mesoporous Mater., Single gas permeance 

ratios in MFI membranes: Effects of material properties and experimental conditions, 

82 (2005) 201. 

[28] J. Cama, C. Ayora, X. Querol, and J. Ganor, Environ. Sci. Technol., Dissolution 

kinetics of synthetic zeolite NaP1 and its implication to zeolite treatment of 

contaminated waters, 39 (2005) 4871. 

[29] K.V. Ragnarsdottir, Geochim. Cosmochim. Acta, Dissolution kinetics of heulandite at 

pH 2-12 and 25 ºC, 57 (1993) 2439. 

[30] L.-Y. Hou and R.W. Thompson, Zeolites, Stability and growth of silicalite seeds: an 

observation of initial breeding, 9 (1989) 526. 

[31] M. Otake, Zeolites, MFI zeolite crystallization under controlled dosage of TPA 

template, 14 (1994) 42. 

[32] F. Jareman and J. Hedlund, Microporous Mesoporous Mater., Permeation of H2, N2, 

He and SF6 in real MFI membranes, 83 (2005) 326. 





Paper III 

Water/hydrogen/hexane multicomponent selectivity of thin 
MFI membranes with different Si/Al ratio,

Seyed Alireza Sadat Rezai, Jonas Lindmark, Charlotte Andersson, 
Fredrik Jareman, Klaus Möller and  Jonas Hedlund,

Microporous and Mesoporous Materials, In press 





Water/hydrogen/hexane multicomponent selectivity of thin
MFI membranes with different Si/Al ratios

Seyed Alireza Sadat Rezai a,1, Jonas Lindmark a, Charlotte Andersson a, Fredrik Jareman a,
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Abstract

MFI films with a thickness of about 550 nm were prepared on a-alumina substrates. The surface Si/Al ratios (XPS) were 157 and 62
for silicalite-1 and ZSM-5 films, respectively, and in accordance, XRD data indicated lower ratios for ZSM-5 films. Higher ratios were
observed by ICP-AES for crystals grown in the bulk of the synthesis mixtures. Six membranes of each type were prepared. Porosimetry
measurements showed that all membranes were of high and similar quality. Single gas permeances for H2, N2, He, CO2 and SF6 at 25 �C
were very similar within each type of membranes. However, the average hydrogen permeance was 27% lower and the average H2/SF6

single gas permeance ratio was 67% higher for ZSM-5 membranes. These differences are attributed to a narrower effective pore diameter
for the ZSM-5 membranes due to the sodium counter ions. Separation of mixtures of H2O, H2 and n-hexane (helium balance) was inves-
tigated in the temperature range 25–350 �C. The highest separation factors a-H2O/H2 were observed at 25 �C and were 14.3 and 19.7 for
silicalite-1 and ZSM-5, respectively. The membranes were selective also at 100 �C and the separation factors were about 3.2 and 6 for
silicalite-1 and ZSM-5, respectively. However, the selectivity decreased at elevated temperatures and the separation factor approached
1 at temperatures above 180 �C for both membrane types. The observed water selectivity was attributed to weak adsorption of water
on polar sites. A low (1.5–3) a-H2O/n-C6 separation factor was observed for both membrane types for the entire investigated temperature
range.
� 2007 Elsevier Inc. All rights reserved.

Keywords: MFI zeolite membranes; Water; Hydrogen; Selectivity; Multicomponent permeance

1. Introduction

Molecular sieve films with well-defined pores may be
used for a variety of purposes such as for membrane appli-
cations [1,2], optical sensors [3–5] and electronic functions
[6]. Zeolite membranes are particularly interesting for sep-
aration as they can withstand the harsh thermal and chem-
ical conditions of many industrial processes [7] where other
(organic) membranes are often found shortcoming due to

their limited temperature stability. The microstructure of
zeolites allows for separation of mixtures with small and
similar molecular diameters. Synthesis, characterization
and separation performance of various zeolite membranes
have been studied including silicalite-1 [8–11], ZSM-5
[12–15], zeolite A [16] and zeolite Y [17,18]. MFI type
membranes have gained particular interest in separation
due to similar pore diameter of these zeolites to the critical
diameter of many industrially important molecules.

Separation by zeolite membranes is due to molecular
sieving and/or preferential adsorption and/or diffusion
effects [19]. The transport in the membranes may be
governed by the dominance of either of the mechanisms
or a combination. The separation selectivity in zeolite
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membranes varies significantly with the structure, crystal
orientation, film thickness, Si/Al ratio, adsorption effects,
composition and kinetic diameter of the permeating species
[19]. By changing the Si/Al ratio in the zeolite the polarity
of a membrane can be adjusted. A more hydrophilic mem-
brane would adsorb polar molecules more strongly and
block the pores for transport of other species as a result
of the stronger adsorption.

Zeolite A membranes have been applied in large-scale
pervaporation plants for solvent dehydration [2]. However,
these zeolite films are often as thick as 30 lm hence show a
high mass transfer resistance. Besides dehydration pro-
cesses, many currently relevant reactions take place in the
presence of water, e.g. the Fischer–Tropsch (FT) synthesis:
yielding hydrocarbons and water from H2 and CO, or
steam reforming of hydrocarbons for H2 production. It
has been reported that water may deactivate the FT
catalyst [20,21], hence selective removal of water may ben-
efit the FT synthesis, whereas selective removal of H2

would improve equilibrium for steam reforming. Although
water vapor may be present in small amounts in many
potential streams for membrane applications, its effect on
the separation efficiency has gained little attention [15,22].
Furthermore, if a thin zeolite membrane is prepared, the
permeance of gases through the membrane will be high
[23] reducing the required membrane area to process a cer-
tain stream.

In the present work, 550 nm MFI membranes with dif-
ferent Si/Al ratios were explored for separation of water/
hydrogen mixtures in the presence of hydrocarbons. All
parameters such as film thickness, preferred orientation
and conditions during testing were kept constant in order
to evaluate the effect of the Si/Al ratio in the film on the
separation.

2. Experimental

2.1. Membrane fabrication

Commercial asymmetric a-alumina microfiltration fil-
ters (Inocermic GmbH) with a disk diameter of 25 mm
were used as supports. The average pore size was 100 nm
in the 30 lm thick top-layer and 3 lm in the 3 mm thick
bottom layer. The supports were masked and seeded as
described previously [23]. TPA-silicalite-1 seeds with an
average crystal size of 60 nm were used for seeding of the
masked supports. The seeds were prepared from a synthesis
solution with the molar composition 9 TPAOH:25
SiO2:360 H2O:100 EtOH. Seeding of the supports was per-
formed in a glass beaker. Each support was placed horizon-
tally with the top surface upwards on the bottom of the
beaker. The level of the seed suspension was approximately
1 mm over the support surface and the ratio between mem-
brane area and volume of seeding solution was approxi-
mately 150 m�1. After seeding, the supports were
immediately immersed in a synthesis solution with a molar
composition of 3 TPAOH:25 SiO2:1450 H2O:100 EtOH for

silicalite-1 films and 3 TPAOH:0.25 Al2O3:Na2O:25
SiO2:1600 H2O:100 EtOH for ZSM-5 films. Hence the Si/
Al ratios for silicalite-1 and ZSM-5 synthesis solutions
were infinite and 50, respectively. The Na/Al ratio is 4 in
the ZSM-5 synthesis mixture. Film synthesis was carried
out in a polyethylene tube under reflux. The tube was
heated by an oil bath kept at 100 �C and the surface of each
support was directed almost vertically but slightly tilted
downwards to avoid any sedimentation or attachment of
gas bubbles from the boiling synthesis solution on the sur-
face of the film. The ratio between membrane area and vol-
ume of synthesis solution was approximately 15 m�1.
However, the seeding and synthesis geometries have been
varied during the years within a range and no effect on film
quality has been observed. For the sake of simplicity, films
grown in a silicalite-1 synthesis mixture were denoted ‘‘sil-
icalite-1’’ and films grown in a ZSM-5 synthesis solution
were denoted ‘‘ZSM-5’’. The silicalite-1 membranes were
grown by hydrothermal treatment for 36 h and the ZSM-
5 membranes for 27 h in order to obtain similar film thick-
nesses. Six replicates of each membrane type were fabri-
cated and labelled Sx or Zx, where S and Z denote
silicalite-1 and ZSM-5, respectively. The letter ‘‘x’’ in the
label is the sample number from 1 to 6. After hydrothermal
treatment the membranes were cooled in the synthesis solu-
tion and rinsed with a 0.1 M NH3 solution for 24 h. Since
each support was masked [23], the interior of each support
was completely filled with polyethylene wax and the top
surface was accessible for seeding. Therefore, no zeolite will
grow inside and only a small amount of zeolite may grow
on the back and lateral sides, while a dense zeolite film
may for on top of each support. After film growth, the
membranes were calcined at 500 �C for 6 h with a heating
rate of 0.2 �C/min and a cooling rate of 0.3 �C/min, in
order to remove template molecules, cationic polymer mol-
ecules used for seeding and hydrocarbon wax used for
masking.

2.2. Physical characterisation

A Philips XL30 scanning electron microscope equipped
with a LaB6 emission source running at 30 kV was used to
study film thickness and morphology of the membranes.
The samples were coated with a thin gold film by sputtering
prior to investigation. X-ray diffraction (XRD) data were
recorded using a Siemens D5000 diffractometer. Samples
were investigated in the two-theta range 5–50� in Bragg–
Brentano geometry. Two-theta scans in the range 44.6–
46.1� were also performed with grazing incidence angle
(1.0�) and thin film accessories, i.e. a long Soller slit and
a LiF monochromator was used in this case. The latter
data was used to determine the positions of the two MFI
peaks at approximately 45.0 and 45.5, 2h in an attempt
to estimate the Si/Al ratio of the MFI film as described
by Bibby et al. [24] for MFI powder. Elemental analysis
of the film surface was carried out by X-ray photoelectron
spectroscopy (XPS) using a KRATOS Axis Ultra electron
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spectrometer. ICP-AES measurements of the elemental
composition of the zeolite crystals that formed in the bulk
of the synthesis mixture during film growth were
performed.

2.3. Permeation measurements

n-Hexane (n-C6) porosimetry was used to estimate the
quality of the prepared membranes. The porosimetry
experiment is described in detail elsewhere [23,25]. It has
been shown that porosimetry can be used to estimate the
amount and size distribution of defects in zeolite mem-
branes and that this method is more informative than sin-
gle gas permeation measurements [26–28]. Single gas
permeation measurements of H2, N2, He, SF6 and CO2

were carried out directly after the calcination procedure.
The membranes were mounted in a stainless steel cell. Rub-
ber gaskets were used for measurements at room tempera-
ture and graphite gaskets were used above room
temperature. An absolute pressure difference of 1 bar was
applied, and the flow through the membrane was measured
using a flowmeter (ADM 1000, J&W Scientific). No sweep
gas was used during single gas measurements.

Separation experiments were performed using a Wicke-
Kallenbach apparatus. The membranes were mounted in a
stainless steel cell and sealed with graphite gaskets. Hydro-
gen and helium were fed by three mass flow controllers to
saturators kept at 20 �C by a thermostat bath. 500 ml/min
of helium were fed to a water saturator, 50 ml/min of
helium were fed to a n-C6 saturator and 400 ml/min of
hydrogen were fed to a water saturator. The feed composi-
tion for the separation measurements was thus 42 kPa
hydrogen, 2.1 kPa water, 0.71 kPa n-C6 and helium balance

to a total of 101.3 kPa at a flowrate of 977 ml/min (STP).
Helium at 200 ml/min (STP) was used as sweep gas with
a pressure of 101.3 kPa. This feed composition was selected
to approach a Fischer–Tropsch reaction mixture, while
keeping the system as simple as possible. A thermocouple
(type K) was connected to the membrane cell in order to
record the temperature at the membrane. A Varian 3800
GC equipped with a capillary column and two packed col-
umns (molecular sieve and chromosorb) was connected
online. Thermal conductivity and flame ionisation detec-
tors connected in series were used for quantitative analysis
of the gas compositions. Helium was used as the carrier
gas. Membranes were reactivated in situ at 400 �C in flow-
ing helium for 8 h at the end of each permeation measure-
ment. The separation factor was calculated as follows:

ai;j ¼
xi=xj
� �

permeate

xi=xj
� �

feed

ð1Þ

with xi = mole fraction of species i.
It should be noted that the fraction of any component in

the feed crossing the membrane remained below 11% even
at the highest temperatures in this work. This is important,
since the composition on the feed side of the membrane
then can be approximated with the feed composition when
calculating the permeance and separation factors (Eq. (1)).

3. Results and discussion

3.1. Physical characterization

Fig. 1a and b show side view images and Fig. 1c and d
show surface images of silicalite-1 and ZSM-5 films, respec-

Fig. 1. Side view images, (a) and (b), and surface images, (c) and (d), of silicalite-1 and ZSM-5 films, respectively.
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tively. The film thickness was about 550 nm for both the
silicalite-1 and ZSM-5 films. Both films appeared dense.

Fig. 2 shows XRD diffractograms of a silicalite-1 and a
ZSM-5 membrane in the two-theta interval 5–50�. The very
strong peaks at about 25.6�, 35.1�, 37.8� and 43.4�, 2h ema-
nate from the alumina support. The remaining peaks are
typical for weakly a-oriented MFI films grown by this pro-
cedure and similar results have been reported before [23].
Table 1 shows the integrated intensity of the MFI peak
at 22.9�2h. The intensity has been normalized using the
very strong alumina peak at 25.6�, 2h as internal standard.
The integrated intensity of this MFI peak is 7.6 ± 0.2 for
silicalite-1 and 7.5 ± 0.3 for ZSM-5, indicating an almost
constant zeolite amount for all samples in accordance with
SEM observations.

The exact position of the two MFI peaks at approxi-
mately 45.0� and 45.5�, 2h were determined in an attempt
to estimate the Si/Al ratio of the MFI film as described
by Bibby et al. [24] for MFI powder. They showed that
the difference in angle, D(�2h), between the two peaks is
inversely proportional to the aluminum content in MFI
powder. For the MFI films prepared in the present work,
D(2h) was 0.446 ± 0.01� (average and 95% confidence inter-
val for four samples) and 0.344 ± 0.01� for silicalite-1 and
ZSM-5, respectively. It is possible that a calibration curve
for zeolite powder is not applicable for determination of
the aluminum content in zeolite films, due to strain in films
amongst other factors. However, since a larger D(2h) was

observed for silicalite-1, this indicates a higher Si/Al ratio
for this sample.

In order to appreciate the composition of the zeolite bet-
ter, in particular the Si/Al ratio, additional characteriza-
tion of the membrane surface with XPS and of the
crystals formed in the bulk of the synthesis mixture with
ICP-AES was carried out. In accordance with the XRD
observations, XPS showed that the Si/Al ratio on the mem-
brane surface was 157 for silicalite-1 and 62.4 for ZSM-5.
These ratios should be compared with the ratios in the syn-
thesis mixtures, which were infinite and 50, for silicalite-1
and ZSM-5, respectively. It is likely that some aluminum
leached from the support and was incorporated in the zeo-
lite during film growth, which may explain the low Si/Al
ratio observed by XPS for the silicalite-1 membrane sur-
face. Furthermore, some of the aluminum detected on the
surface by XPS may be non-framework aluminum, not
affecting the crystal structure for silicalite-1 and ZSM-5.
A higher aluminum concentration in the ZSM-5 system
was also supported by the ICP-AES results for the zeolite
crystals that formed in the bulk of the synthesis mixture
during growth of the zeolite membranes. The observed
Si/Al ratios were >1441 (Al below the detection limit) for
silicalite-1 bulk crystals and 383 for ZSM-5 bulk crystals.
The Si/Na ratios in these crystals were >625 (Na below
the detection limit) and 59 for silicalite-1 and ZSM-5,
respectively. The ZSM-5 crystals were thus in the sodium
form (NaZSM-5), as expected from a synthesis mixture
with a Na/Al ratio of 4. It should be noted that the bulk
composition of the zeolite crystals that formed in the bulk
of the synthesis mixture may differ significantly from the
bulk composition of the film in the zeolite membrane due
to at least two reasons: As stated above, aluminum may
be incorporated in the growing zeolite film due to leaching
of the support and the film is grown from seeds, while the
crystals that form in the bulk of the synthesis solution grow
from nuclei. However, all analyses of the elemental compo-
sition of the samples show more aluminum in the ZSM-5
system.

3.2. Permeation measurements

All membranes were first evaluated by single gas exper-
iments (cf. Table 2). It should be noted that single gas per-
meance ratios are a function of membrane quality, film
thickness, morphology, test conditions [27] and chemical
composition, i.e. Si/Al ratio. However, in the present work,
membrane quality, film thickness, morphology and test
conditions were kept constant. Almost constant perme-
ances were obtained within each group of membranes,
which indicate that the quality of these membranes is
similar.

The silicalite-1 membranes show on average 43% higher
He permeance and 37% higher H2 permeance, which may
be attributed to steric constraints of the counter ions and
hence reduced effective pore diameter in ZSM-5. Since
the permeance of these molecules appear to be influenced

Fig. 2. XRD diffractograms of a silicalite-1 and a ZSM-5 membrane in the
2h range 5–50�.

Table 1
Integrated intensities of the MFI peak at 22.9 �, 2h for three silicalite-1 and
three ZSM-5 membranes

Membrane Integrated intensity (countsÆ�)

S4 7.5
S5 7.8
S6 7.4

Average silicalite-1 7.6 ± 0.2
Z3 7.6
Z4 7.1
Z6 7.7
Average ZSM-5 7.5 ± 0.3

The intensity of the MFI peak has been normalized using the alumina
peak at 25.6 �, 2h as internal standard.
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by pore size and the observed average H2/He permeance
ratio is 2.6–2.7 for both membrane types, which is signifi-
cantly above the Knudsen ratio of 1.4, these results indicate
that the transport of these molecules may involve both
Knudsen like diffusion and surface (configurational) diffu-
sion. This hypothesis is supported by work reported by
Xiao and Wei [27]. In their hypothesis, H2 and He are
probably transported by Knudsen diffusion in ZSM-5,
but the system is a borderline case to configurational
diffusion.

The average permeance ratio of H2/He for the two mem-
brane types differ by as little as about 3%, indicating that
these molecules are not influenced by polarisation and/or
adsorption effects due to different chemical composition
of the membrane types. In contrast, the average H2/N2

and H2/CO2 permeance ratios differ more for the two mem-
brane types and are 15–30% lower for the ZSM-5 mem-
branes. The lower H2/N2 and H2/CO2 permeance ratios
observed for ZSM-5 is caused by enhanced transport of
N2 and CO2 due to their larger quadrupolar moment,
probably by enhanced surface diffusion in addition to
Knudsen like diffusion.

The average H2/SF6 permeance ratio is 67% higher for
the ZSM-5 membranes, as a result of a much larger reduc-
tion of SF6 permeance compared to H2 for ZSM-5. The
size of the SF6 molecule is closer to the critical diameter
of the NaZSM-5 pores compared to the H2 molecule,
which maybe explains why the SF6 permeance is reduced
more than the H2 permeance in NaZSM-5.

Fig. 3 illustrates n-C6 porosimetry data for three silicalite-
1 (a) and three ZSM-5 (b) membranes. As was also indicated
by single gas data, all thesemembranes have high and similar
quality since the He permeance drops about 99% when the
relative partial pressure of n-C6 is increased from 0 to
�0.01. A relative pressure of�0.01 of n-C6 blocks the zeolite
pores and the remaining flow permeates via pores (defects)
larger than the zeolite pores [23,25,26]. In accordance with
the single gas experiments, a difference in helium permeance

at relative pressure of 0 is observed for the two membrane
types. The helium permeance for silicalite-1 is 67.7 ·
10�7 ± 9.1 · 10�7 mol�1 m2 Pa�1, whereas the permeance
for ZSM-5 is 51.9 · 10�7 ± 6.3 · 10�7 mol�1 m2 Pa�1 (aver-
age and standard deviation for three samples). These helium
permeances are slightly smaller than what was observed in
the single gas experiments, which may be caused by some
coke deposition during the separation measurements. The
porosimetrymeasurements were carried out after separation
measurements.

Table 2
Hydrogen permeance/(1 · 10�7 mol/m2 s Pa) and single gas perm-selectivity experiments at room temperature (25 ± 2�C) for 6 silicalite-1 (S1–S6) and 6
ZSM-5 membranes (Z1–Z6), with a DP of 1 bar

Membrane H2 He H2/N2 H2/He H2/SF6 H2/CO2

S1 210 81 1.70 2.59 12.6 1.77
S2 212 77 1.70 2.75 12.9 1.71
S3 202 74 1.67 2.74 11.1 1.35
S4 216 86 1.66 2.51 11.0 –
S5 226 90 1.72 2.50 11.9 –
S6 227 91 1.68 2.5 12.3 –
Average 215.5 ± 8.8 83.2 ± 6.4 1.69 ± 0.02 2.60 ± 0.11 12.0 ± 0.72 1.61 ± 0.19

Z1 161 56 1.53 2.85 20.6 1.28
Z2 158 58 1.46 2.73 20.9 1.22
Z3 126 51 1.53 2.49 16.7 –
Z4 167 61 1.46 2.76 18.7 –
Z5 157 60 1.41 2.61 21.8 –
Z6 172 63 1.46 2.71 21.1 –
Average 156.8 ± 14.7 58.2 ± 3.8 1.48 ± 0.04 2.69 ± 0.11 20.0 ± 1.74 1.25 ± 0.03

Averages are given with standard deviations. CO2 permeance was not measured on all membranes.

Fig. 3. Helium permeance as a function of partial pressure of n-hexane
measured at 25 �C for silicalite-1 (a) and ZSM-5 membranes (b).
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3.3. Separation experiments

Fig. 4 shows separation factors and permeances for two
membranes of each type. The data are similar for each
membrane type, indicating excellent reproducibility in
membrane preparation and testing. Fig. 4a shows the
H2O/H2 and H2O/n-C6 separation factors for membranes
S5 and S6 as a function of temperature. At 25 �C, the aver-
age separation factor a-H2O/H2 was 14.3. The membranes
were selective also at 100 �C and the average separation
factor was 3.2. This high separation factor is attributed
to adsorption of water on polar sites, especially at low tem-
perature. The separation factor approach 0.75 at tempera-
tures above 150 �C. The separation factor a-H2O/n-C6

increases from 1.5 to 3 within the investigated temperature
range.

Fig. 4b shows the H2O/H2 and H2O/n-C6 separation
factors for membranes Z4 and Z5 as a function of temper-
ature. A similar trend for the H2O/H2 separation factor is
observed for these membranes, but the separation factors
are higher (2 times at 100 �C) at temperatures below
180 �C, which is attributed to stronger polarity in ZSM-5.
Similarly, the a-H2O/n-C6 separation factor is increasing
with temperature from 1.5 to 2.2 between 25 � and 400 �C.

Fig. 4c and d shows the permeances as a function of
temperature. The hydrogen permeance increases two
orders of magnitude with increasing temperature. At low
temperatures, the pores are probably blocked by water
and/or n-C6 as in the porosimetry experiment. Silicalite-1

and ZSM-5 with high Si/Al should adsorb hydrocarbons
in favor of water and it is thus likely that n-C6 is responsi-
ble for more pore blocking than water although the con-
centration was three times lower. These molecules are
desorbed at least partially at higher temperatures, allowing
hydrogen to permeate. The hydrogen permeance at 350 �C
is approximately 60 · 10�7 mol�1 m�2 Pa�1 for silicalite-1
and 50 · 10�7 mol�1 m2 Pa�1 for ZSM-5. This is about a
factor 3.4 times lower than observed in the single gas mea-
surements at 25 �C, which may be caused by reduced
adsorption (and surface diffusion) due to higher tempera-
ture, competitive adsorption (of water, helium or n-C6) or
back diffusion of helium from sweep to feed side. The per-
meances of water and n-C6 are less dependent on tempera-
ture, the permeance of water increased by less than a factor
of 3, while that of n-C6 increased by less than 50% over the
same temperature range, possibly due to counteracting
adsorption and diffusion effects.

The rapid decrease for the a-H2O/H2 separation factor
for both membrane types is a result of rapid increase of
H2 permeance with increasing temperature. Also the higher
a-H2O/H2 separation factor in ZSM-5 is due to the lower
H2 permeance in the ZSM-5 membranes (pores more
blocked by water) compared to that for the silicalite-1
membranes. The variation of the water and n-C6 perme-
ance with membrane type has a minor impact on the a-
H2O/H2 separation factor.

The presence of cations in ZSM-5 is expected to favor
the adsorption and permeance of water [29]. However,

Fig. 4. Ternary H2O/H2/n-C6 permeance (a), (b) and selectivity (c) and (d) for silicalite-1 and ZSM-5 membrane. Feed water vapor partial pressure is
2.1 kPa, n-hexane vapor partial pressure 0.71 kPa, and H2 partial pressure is 42 kPa, with He balance to a total of 101.3 kPa. Sweep gas; He at 200 ml/min
and 101.3 kPa.
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the results show that the water permeance and the H2O/n-
C6 separation factor are lower in ZSM-5 at high tempera-
tures while at low temperatures no difference is observed
between the two membrane types. This illustrates the com-
plexity of the interactions during multicomponent separa-
tions and without knowledge of multicomponent
adsorption isotherms it is difficult to explain this behavior.

In the absence of n-C6, the permeances at 25 �C were
about 5 and 6 times higher for H2O and H2, respectively,
than in the presence of n-C6. The a-H2O/H2 separation fac-
tor was about 40% and 55% lower for silicalite-1 and ZSM-
5 membranes, respectively. The a-H2O/H2 separation fac-
tor decreased and the permeances increased with increasing
temperature similarly to the measurements with n-C6 in the
feed. In agreement with the previous discussion n-C6

appears to have a strong pore blocking effect, reducing
the permeances of both H2O and H2 but the permeance
of H2 is reduced more, resulting in a higher a-H2O/H2 sep-
aration factor in the presence of n-C6.

4. Conclusions

Twelve MFI membranes with different Si/Al ratios were
successfully grown on asymmetric a-alumina micro-filtra-
tion filters. The film thickness was about 550 nm for all
membranes according to SEM and XRD data indicated a
constant zeolite amount on all membranes. Porosimetry
results showed that the quality of all membranes was high.
The single gas permeance data was consistent with the
porosimetry data. The chemical composition of the mem-
branes has a significant effect on single gas permeances
and permeance ratios as well as separation factors and per-
meances in multi component separation experiments for
the water/hydrogen/n-hexane system. The addition of alu-
minum results in increased selectivity at low temperatures,
however, above 180 �C this effect is no longer observed.
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Abstract

Cracks are frequently formed in �-alumina supported MFI membranes during calcination. To better understand crack formation, in situ powder
diffraction data were 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 �-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.
© 2006 Elsevier B.V. All rights reserved.

Keywords: MFI zeolite membrane; In situ study; Synchrotron powder diffraction; Crack formation; Rietveld method

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 indus-
trially 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.

∗ Corresponding author. Tel.: +39 059 2055293; fax: +39 059 2055235.
E-mail address: mgualtieri@unimore.it (M. Lassinantti Gualtieri).

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 �m average crystal size) some
straight cracks along the c-axis developed at 260 ◦C. The occur-
rence 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 �m (more severe in larger crystals).
These observations match the temperature interval in which
degradation of tripropylamine via �-elimination reactions
occurs. It was postulated that the development of random cracks
was related to the formation of carbonaceous species within

0376-7388/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2006.12.018
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the zeolite framework. Pachtová 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 �m)
after calcination in air. In larger crystals, cracks developed in
both air and nitrogen atmosphere. In the medium-sized crystals
(Lc = 190 �m), cracks were found after complete template
removal, whereas in the largest crystals (Lc = 230 �m) 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 contrac-
tion during template removal, which occurs in the approximate
temperature range 300–500 ◦C [5,7–9]. Instead, the �-alumina
supports used for MFI films expand during heating [8–10]. Fur-
thermore, 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 com-
pensated 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-axis,
respectively. Based on these results and a quantitative estima-
tion 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 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 porous �-alumina supports. The films were
composed of randomly oriented crystals. The MFI crystals
formed in the bulk of the synthesis solution were also inves-
tigated. 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 expan-
sion 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 ther-
mal 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-resistant MFI membranes were recently studied by
Jeong et al. [10]. The authors performed a HT-XRPD study
(using synchrotron radiation (SR)) of an oriented MFI film with
a thickness of about 10 �m. The film was prepared on a thin
mesoporous silica layer deposited on a porous �-alumina sup-
port. 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 spec-
ulated that this behavior possibly could explain the lack of cracks
in this system.

No HT-XRPD study of �-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
film and the �-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 heat-
ing. The results of the preliminary investigation were however
not sufficient to formulate a conclusive model for the crack for-
mation process observed in the �-alumina supported MFI films
prepared in our laboratory [1,9]. The present work is a natu-
ral 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 deter-
mined as a function of temperature during the entire calcination
procedure. In addition, the microstructure of the �-alumina sup-
port 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 �-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 mem-
branes (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 �-alumina filters
(Inocermic GmbH, Germany). The top layer is 30 �m thick
with 100 nm pores and the bottom layer is 3 mm thick with
3 �m pores. The zeolite film investigated by synchrotron radi-
ation was grown on a slice (20 mm × 3 mm × 1 mm) cut from
the as-purchased �-alumina filters using a diamond saw (Dis-
cotomo cutter). A full-size filter (diameter of 25 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 (0.1 M) ammonia solution. Silicalite-1 seed crystals
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(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 compo-
sition 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 reproducibly defective and cracks with an average width of
30 nm are present in the zeolite film and support cracks are also
present as 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 (0 1 0) faces and the other faces are
curved. The average size of the main crystal is approximately
0.8 �m × 0.8 �m × 0.4 �m. 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 facil-
ity (ESRF), Grenoble (France). The beamline configuration is
described in detail elsewhere [13]. Fig. 1 illustrates the experi-
mental set-up. The sample was mounted in a metal tube with an
inner diameter of 3.5 mm which allowed sample insertion with-
out damage of the film surface and free expansion of the sample
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

Fig. 1. A sketch of the experimental set-up for HT-SRPD (see text for details).

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 millimeter below the sample. A heat-
ing/cooling gradient of 3 ◦C/min was applied. The sample was
heated to 500 ◦C followed by an 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 incom-
ing 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 �m × 50 �m. Data were extracted using FIT2D [14] and cor-
respond to the diffracted X-rays from planes parallel to the film
surface.

The absolute cell parameters during heating of the �-alumina
support alone and a support coated with a MFI film were deter-
mined 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 known phase tran-
sitions/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 layer of a few
micrometers.

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 tem-
perature). 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 param-
eters 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 �-alumina was taken from
Ishizawa et al. [18]. In the refinements using SR data, the cell
parameters of the �-alumina support at each investigated tem-
perature 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 �-alumina as internal standard. The peak profiles were
modeled using a pseudo-Voigt function with one Gaussian and
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one Lorentzian coefficient. The cell parameters, 2θ zero shift,
scale factor and background (shifted Chebyshev function with
nine terms) were refined. The atom positions and the isotropic
thermal parameters and occupancy factors were kept fixed dur-
ing refinements of �-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.

The thermal expansion ratio KT (%) of the �-alumina sub-
strate and the MFI film was calculated (as defined earlier [8]):

KT = VT
cell − VT=25 ◦C

cell

VT=25 ◦C
cell

× 100 (1)

where VT
cell and VT=25 ◦C

cell are the unit cell volume at temperature
T and 25 ◦C, respectively.

The strain (s) along crystallographic direction (l) was calcu-
lated for both the MFI film and the �-alumina support at each
investigated temperature T according to:

s = lTmembrane − lTreference

lTreference

(2)

where the MFI powder and the blank �-alumina support were
used as references (i.e. represent the non-strained bulk lattice).

To study the microstructure, the profiles of the �-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, the width of a rectangle having the same
area and height as the line profile) 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]:

βL

βpV

= 0.017475 + 1.500484η − 0.534156η2 (3)

βG

βpV

= 0.184446 + 0.812692(1 − 0.998497η)1/2

− 0.659603η + 0.44542η2 (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:

βf
L = βh

L − β
g
L (5)

(βf
G)

2 = (βh
G)

2 − (βg
G)

2
(6)

Eqs. (3) and (4) were used again to obtain the total integral
breadth of the f(2θ) function (βf) corresponding to the given
peak.

The contribution of the sample microstructure to the integral
breadth in reciprocal units (β∗

f ) is defined as

β∗
f = βf cos θ

λ
(7)

where βf is the microstructure-related integral breadth expressed
in radians, θ the Bragg angle and λ is the wave-length (Å). β∗

f was
plotted versus the d-spacing in reciprocal units (d* = 2 sin 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:

β∗
f = 1

Dv
+ 2εd∗ (8)

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 pre-
vented 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 �-alumina support surface followed by suspension in dis-
tilled water and deposition on a Cu grid. A JEOL JEM 2010
instrument, equipped with a Link energy dispersive X-ray spec-
trometer and a Gatan energy filter, operating at 200 kV was used
for the analysis.

3. Results and discussion

Fig. 2 shows a selected ◦2θ range of the powder patterns col-
lected during heating of the as-synthesized TPA-MFI membrane
(SR data). The relative intensity of several peaks changes as the

Fig. 2. Selected ◦2θ range of powder patterns collected during heating of an
as-synthesized TPA-MFI membrane (SR data).
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temperature is increased (Fig. 2). Previous work showed that
this was due to template removal [7].

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]. All the refined values are available upon request to the
corresponding author.

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 (5 0 1) crystallographic plane. This indicates that the crys-
tals in the sample exhibit a weak preferred orientation with the
a-axis approximately perpendicular to the substrate surface, in
agreement with previous observations [1].

Fig. 3 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 �-alumina support and the MFI coated support. In addi-
tion, literature data [23] for �-alumina powder is included for
comparison. As observed in the figure, the thermal expansions of
the �-alumina supports are in concert with data for powder. How-
ever, a slightly 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 expan-
sion was also observed earlier [9] and indicates that the thermal
expansion of the support is affected by the presence of the
zeolite.

Fig. 4 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 Fig. 4(d)) 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 (Fig. 4). 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
Fig. 5. 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 Fig. 4, 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 con-
traction along the b- and c-axes and an expansion along the

Fig. 3. The refined a-axis (a), c-axis (b) and unit cell volume (c) as a function of temperature for a blank �-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 �-alumina from the literature [23].
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Fig. 4. 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.

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 form,
mainly due to a considerably larger expansion of the b-axis com-
pared to the powder. This peculiar behavior of the film was
already reported in Ref. [9], and could perhaps be explained by

Fig. 5. The refined TPA+ occupancy in the MFI film as a function of temperature.

a lower Si/Al ratio in the film. In fact, the Si/Al ratio of the syn-
thesis mixture may decrease significantly during hydrothermal
treatment due to alkaline leaching of the �-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 influ-
ence 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. There-
fore, 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 Fig. 4(d))
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
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Fig. 6. Thermal expansion ratio KT of the MFI coated �-alumina support (full
circles) and the MFI film (empty squares) as a function of temperature.

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 (Fig. 4). Therefore, the possible incor-
poration 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 possi-
bly explained by internal strain in the film. In Fig. 6, the thermal
expansion/contraction ratio KT of the MFI coated �-alumina
support and the MFI film is shown as a function of temperature. It
is clear that the MFI coated �-alumina support and the MFI film
behaves very differently during calcination. The support experi-
ences a large expansion while the MFI film shrinks during heat-
ing to 500 ◦C. Obviously, the film should experience an isotropic
tensile stress in the plane parallel to the film surface with a con-
sequent 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 Fig. 4 were calculated based on diffrac-
tion data from planes parallel to the film surface (see Section 2).
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 Fig. 7. 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 fur-
ther 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 forma-
tion 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

Fig. 7. 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.

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 sur-
face, as the difference in volume between the film and the support
is reduced (Fig. 6). 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 crys-
tals in the film (Fig. 7) that actually increases during cooling.
This peculiar behavior is difficult to explained based on the data
presented here and should be further investigated in the future.

In Fig. 3, 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 �-alumina
support was calculated at each investigated temperature, using
the non-coated support as reference. The results are shown in
Fig. 8. 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 Fig. 6).
During cooling, the strain decreases as the thermal expansion
mismatch between the zeolite and the support decreases (Fig. 6).
The strain along a hardly exceeds the experimental error. How-
ever a slight compressive and tensile strain is observed during
heating and cooling, respectively. It should be remarked that the
strain in the �-alumina support is at least one order of magni-
tude 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 Fig. 8)
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Fig. 8. The strain along the a- and c-directions in the MFI coated �-alumina
support. The direction of the strain is perpendicular to the support surface.

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 �-alumina grains in this layer causes a net tensile strain in
the support in the direction parallel to the film surface Conse-
quently, a net compressive strain should be observed (Fig. 8) in
the direction perpendicular to the film surface due to the effect
of Poisson’s ratio.

The microstructure (i.e. size and microstrain) for the �-
alumina support in the membrane investigated by SR was
evaluated using Eq. (8), proposed by Williamson and Hall [20].
Fig. 9(a) shows the Williamson–Hall plot based on data col-
lected at 25 and 500 ◦C. The Miller indices for the evaluated
peaks are indicated. A Williamson–Hall plot was constructed for
each investigated temperature. Fig. 9(b) shows the microstrain of
the �-alumina substrate as a function of temperature. The linear
fit of the plot based on room temperature data gave a regres-
sion coefficient (R2) of 0.54. The calculated microstrain and
isotropic size was 0.012% and 89 nm, respectively. The micros-
train in the as-prepared membrane can be caused by 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 �-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 con-
sidering that the 30 �m thick top layer is composed of 100 nm
grains. The accuracy of the microstrain as a function of tem-
perature is sufficient to reflect an increase from ca. 0.014% at
225 ◦C to about 0.025% at 500 ◦C (Fig. 9(b)) 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 cannot be excluded that the anisotropic peak broadening,
generally observed in materials with a high density of disloca-

Fig. 9. (a) Williamson–Hall plots for the �-alumina support in the as-synthesized
membrane at 25 ◦C (filled circles) and 500 ◦C (empty circles). (b) Microstrain
in the �-alumina support as a function of temperature during the temperature
cycle 25–500–25 ◦C.

tions [28], is partly masked by other factors which contribute
to the peak broadening and possibly to the poor peak resolu-
tion. 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 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 dif-
ference in the thermal expansion coefficients of the �-alumina
substrate and the zeolite film increases), is released via nucle-
ation 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.

Fig. 10 shows a bright field TEM image taken on a specimen
from the membrane that underwent the in situ synchrotron exper-
iment. The presence of structural defects (likely dislocations) in
the �-alumina support is confirmed. The SAED diffraction pat-
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Fig. 10. 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 �-alumina.

tern in the inset shows that the signal is transmitted by a single
crystal of �-alumina.

3.1. A new concept 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 fol-
lowing 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 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 �-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 �-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 (Fig. 7). 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 deter-
mined 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 crystal-
lites should result in the formation of open grain boundaries upon
calcination (b2). Bonilla et al. recently used fluorescence confo-
cal optical microscopy for the imaging of open grain boundaries
and cracks in MFI membranes [31].

Dong et al. [8] proposed the following model for the for-
mation of defects in �-alumina supported MFI films (about
3 �m thick): the MFI film is chemically bonded to the sup-
port 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 �-alumina supported MFI films were suggested
to constitute the non-zeolitic micropores obscuring the xylene
separation performance of similar membranes [32]. 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 forma-
tion. In fact, Dong et al. [8] observed no cracks in films which
were considerably thicker than the one studied here and in Ref.
[1]. Therefore, the synthesis conditions are probably important.
Another factor which probably has a large influence on the qual-
ity 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 �-alumina and
yttria-doped zirconia [8].

4. Conclusions

As-synthesized MFI membranes, which reproducibly crack
during calcination, were investigated by in situ diffraction exper-
iments. In addition, in situ data were 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 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
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of the �-alumina support was 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 �-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 �-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 pre-
sented 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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Abstract

Silicalite-1 films with a thickness of 500nm on asymmetric a-alumina micro filtration filters were calcined at 500 �C with heating

and cooling rates varying between 0.2 �C/min and 5.0 �C/min. The membranes were characterized with single gas permeation, poros-

imetry, and xylene isomer separation experiments. It was found that the quality of the prepared membranes was independent of the

heating/cooling rate according to the single gas permeation and porosimetry characterization. Xylene isomer separation data was

found to vary between the samples, but none of the variations could be attributed to the heating/cooling rate during calcination

since the variations did not follow a trend but occurred randomly. It is thus concluded that the calcination rate does not influence

the quality of these membranes.

� 2004 Elsevier Inc. All rights reserved.

Keywords: MFI; Membrane; Calcination; Defect formation

1. Introduction

A thin, supported zeolite membrane has the potential

to exhibit high selectivity and flux. Zeolite membranes

are also able to operate under harsh conditions, such

as high pressures and elevated temperatures. During
the last decades various types of zeolite membranes have

been fabricated [1–11]. The MFI structure is frequently

prepared partly due to the pore network, with pore

openings suitable for separation of many industrially

important hydrocarbon isomers, such as C6-isomers

and C8-aromatics by molecular sieving [12].

MFI-crystals are commonly prepared from a synthe-

sis solution containing organic template molecules. The
template must be removed by an oxidization procedure

at a high temperature in order to render the framework

microporous. This procedure is commonly denoted cal-

cination and is usually carried out in a very careful man-

ner using low heating and cooling rates. Heating rates as

low as 0.1 �C/min have been reported [13]. The reason

for this is that it is commonly believed that a fast proce-

dure may lead to defect formation in the zeolite film.

In an early work [14], it has also been recommended

that calcination of supported MFI membranes should
be carried out in air at a maximum temperature of

400 �C with a low heating rate of 1 �C/min. It should

be noted that no particular reason for using a low rate

was given. However, a slow calcination process is time

consuming and a quicker process would speed up the

fabrication of zeolite membranes. To the best of our

knowledge, no work dealing with the calcination rate

has been reported in the literature. This paper is devoted
to this very important topic.

2. Experimental

Porous asymmetric a-alumina discs were masked and

seeded as described elsewhere [2,15]. The seeds were

grown into a dense film by a 36h hydrothermal
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treatment under the same conditions as given earlier [2].

After hydrothermal treatment and cooling to room tem-

perature, the samples were rinsed for 24h in a 0.1M
NH3 solution prior to calcination in order to remove

residues of the synthesis solution. The calcination was

conducted as follows: Heating with X�C/min from room

temperature to 500 �C, constant temperature at 500 �C
for 6h and then cooling with X �C/min to 110 �C, where
X was 0.2, 1.0, 2.0 and 5.0, respectively. A modified fur-

nace, illustrated in Fig. 1, was used. Temperature gradi-

ents inside the furnace were reduced by a fan and an
adjustable flow of cool air was used for rapid cooling.

The maximum temperature difference between the ther-

mocouples was less than 5 �C for X = 5.0. Two samples

for each heating/cooling rate were prepared and labelled

MX-i, where X is as above and i is the sample number of

the membrane, i.e. i = 1 or 2. Following calcination, the

membranes were mounted directly in the cell for single

gas measurements as described earlier [2,15]. The feed
pressure was set to 1.9bar and the permeate pressure

was 1bar (atmospheric pressure). Helium, nitrogen,

hydrogen and sulphurhexafluoride (SF6) were used as

probe gases. Porosimetry [2,16] and separation of a

gas mixture of p-xylene/o-xylene/helium were used as

additional characterization experiments. Prior to the

porosimetry experiment, the membranes were mounted

in a stainless steel cell with graphite baskets. The mem-
branes were dried at 300 �C in a helium flow overnight,

with heating/cooling rates 6X. Details of porosimetry

measurements can be found elsewhere [2,15]. Xylene iso-

mer separation was conducted in a Wicke–Kallanbach

setup. The same cell was used for both experiments

and the membrane was not remounted in order to avoid

defect formation. The separation experiment was con-

ducted directly after the porosimetry experiment as fol-
lows: The membrane was heated to 100 �C with a

heating rate 6X in a dry helium flow on both sides of

the membrane. A mixture of p-xylene and o-xylene va-

pors in helium was then fed to the membrane that was

slowly heated from 100 �C to 400 �C with a heating rate

of 0.5�C/min for X P 1 �C/min or 0.2�C/min for

X = 0.2 �C/min. The mixture was prepared by feeding

dry helium (100ml/min at NTP), through source bub-

blers containing p-xylene or o-xylene at room tempera-

ture. The hydrocarbon saturated streams were then
mixed, yielding a mixture with the composition 600Pa

p-xylene and 470Pa o-xylene. Helium balanced the par-

tial pressures up to 1bar absolute pressure. Helium

(100ml/min at NTP) was used as a sweep gas. Gas

compositions were analyzed with an online gas chroma-

tograph (GC) equipped with a FID-detector for detec-

tion of the hydrocarbons.

3. Results and discussion

Single gas permeation data of the membranes is given

in Table 1. Average data on 10 similar membranes from

[15] with X = 0.2 �C/min is also included as a reference.

As may be seen from the table, the single gas data for

the different samples is very similar, independent of X.
Variations seem to occur randomly. The average data

of helium permeance and H2/He, H2/SF6 permeance ra-

tios for the prepared membranes are also similar to pre-

viously reported data [15]. It should be noted that the

obtained N2/SF6 permeance ratios are rather low com-

pared with some previously reported results. For

instance Coronas et al. [17] reported a N2/SF6 perme-

ance ratio of 262 for a 20lm thick MFI film on a a-alu-
mina substrate. The low N2/SF6 ratio in the present

work is due to the low film thickness (0.5lm), which will

result in mass transfer limitations in the support. Lai et

al. [18] reported a N2/SF6 permeance ratio of 5 at room

temperature for a 1lm thick MFI film whereas the p-/o-

xylene selectivity was as high as 483 at 220 �C.
Fig. 2(a) illustrates the average porosimetry pattern

for each X. The error bars indicate the measured maxi-
mum and minimum value. Due to the slightly higher

helium permeance at relative pressures of n-hexane be-

tween P/P0 = 0.1 and P/P0 = 0.95, the samples calcined

with a calcination rate of 1.0 and 2.0 �C/min are of

slightly lower quality than the other samples. However,

the differences on an absolute scale are very small when

compared with the helium permeance of the dry mem-

brane (i.e., at P/P0 = 0). The porosimetry data for sam-
ples with varying X reported in the present work should

also be compared with previously reported porosimetry

data for 10 membranes for X = 0.2 [2], shown in Fig.

2(b). These membranes showed very good separation

performance for a number of isomer mixtures, even at

industrial conditions. Fig. 2 shows that the spreading

in porosimetry data is very similar for the two data sets.

There is no significant difference between the two
data sets even at lower values of P/P0 (i.e., small de-

fects). According to single gas and porosimetry

Air

Steel mesh for
heat distribution

Thermocouple

Fig. 1. Principal drawing, approximately to scale, of the modified

furnace with the fan, air inlet and the thermocouple used for

temperature monitoring during calcination.
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characterization, it may be concluded that the heating

and cooling rates during calcination does not affect the

quality of this particular membrane type.

Separation factor and o-xylene permeance of a p-xyl-

ene/o-xylene/helium mixture as a function of tempera-

ture is illustrated in Fig. 3. Separation and permeation

data from one of the 10 reference membranes (RM) is

also included in the figure. As in the case of the single
gas and porosimetry characterization, no correlation be-

tween separation performance and the calcination rate is

obvious. A comparison of separation performance be-

tween the membranes prepared in the present work

and the reference membrane indicates that there is no

significant trend that may be assigned to the variation

in heating/cooling rate during calcination. This may be

concluded since the separation factor at for instance

200 �C varies randomly with varying X. The separation

factors should be compared at a relatively low tempera-

ture. Coke formation at a higher temperature might af-

fect the separation selectivity of the membrane. For

membranes M0.2-2 and M2.0-1, increased selectivity

was observed above about 350 �C. This is probably

due to coke formation on the membrane surface that

tends to close small defects in the membrane. The coke
deposits on the membrane are visible as a light grey col-

or on the samples after separation measurements.

At first, the separation factor for M5.0-1 (and for all

other membranes) increases with increasing tempera-

ture. This is expected since the dominating separation

mechanism of the isomers is changing with temperature

from adsorption to molecular sieving [2]. At a tempera-

ture of 250 �C the separation factor starts to decrease

Table 1

Single gas data for membranes calcined with varying heating and cooling rates X �C/min

X (�C) Ref. [15]

0.2 1 2 5

He permeance 70.4/86.8 85.6/92.4 81.2/86.1 84.0/77.2 91 ± 4.2

H2/He 2.69/2.60 2.62/2.53 2.65/2.67 2.63/2.69 2.6 ± 0.03

H2/SF6 15.3/13.8 14.6/13.1 14.0/14.7 16.6/15.8 14 ± 0.57

N2/SF6 10.0/8.52 9.27/7.89 8.54/8.98 10.5/10.1 8.0 ± 0.53

Average single gas permeation data of 10 similar samples with X = 0.2�C/min from [15], is included. Helium permeance is given in

10�7molm�2 s�1Pa�1.

H
e 

pe
rm

ea
nc

e 
[1

0-7
 m

ol
 m

-2
s-1

 P
a-1

]

P/P0

0 0.2 0.4 0.6 0.8 1 1.2
10-2

10-1

100

101

102

X=0.2

X=1.0

X=2.0

X=5.0

(a)

H
e 

pe
rm

ea
nc

e 
[1

0-7
 m

ol
 m

-2
s-1

 P
a-1

]

P/P0

0 0.2 0.4 0.6 0.8 1 1.2
10-2

10-1

100

101

102

(b)

H
e 

pe
rm

ea
nc

e 
[1

0-7
 m

ol
 m

-2
s-1

 P
a-1

]

0 0.01 0.02 0.03 0.04 0.05
P/P0

10-2

10-1

100

101

102

X=0.2

X=1.0

X=2.0 X=5.0

(c)

H
e 

pe
rm

ea
nc

e 
[1

0-7
 m

ol
 m

-2
s-1

 P
a-1

]

0 0.01 0.02 0.03 0.04 0.05
P/P0

10
-2

10-1

100

101

102

(d)

Fig. 2. Average porosimetry patterns of the prepared membranes with the maximum and minimum values indicated with error bars (a), average

porosimetry patterns of 10 membranes from [15] the error bars indicate maximum and minimum values (b), magnified x-scale of illustrations are

shown in (c) and (d), respectively.
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slightly, and at 300 �C an abrupt decrease of the separa-

tion factor is observed. The abrupt decrease in separa-

tion factor was due to a large increase in o-xylene

permeance, as illustrated in Fig. 3(d), whereas the per-

meance of p-xylene was constant. This peculiar behavior

was due to a mechanical failure of the sample. When the
cell was opened after the experiment, the membrane was

found in two pieces. This is probably associated with the

extreme heating rate of the membrane. The second sam-

ple (M5.0-2) was dried with a lower heating rate (1 �C/
min) prior to porosimetry and separation, and no

mechanical failure during the separation experiment

was observed in this case. Lai et al. [6] studied the sepa-

ration of p- and o-xylene as a function of crystal orien-
tation and reported that membranes with a/b-oriented

crystals resulted in lower separation factors. This is in

line with the results reported in the present work. The

membranes studied here have separation factors for p-

and o-xylene in the range of 4–20 while the separation

factor for n-hexane and 2,2-dimethyl butane for this

types of membranes is >230 [2].

In summary, the separation performance varies ran-
domly and no general trend with respect to calcination

rate is observed. It may therefore again be concluded

that the membrane quality is independent of heating

and cooling rates during calcination. It should be noted

that films with a different microstructure, thickness, or

films on other types of supports may behave differently

than the films studied in the present work.

4. Conclusions

The present work has shown that thin silicalite-1 films

on asymmetric a-alumina micro filtration filters can be

calcined at 500 �C with a heating/cooling rate as high

as 5 �C/min without reducing the membrane quality.

However, films with different microstructure, thickness

and on other types of supports may behave differently.

This is supported by single gas permeation and porosi-

metry characterization on the samples that showed very
similar results for the eight membranes, even though the

heating/cooling rates during calcination varied a factor

of 25. However, some differences in separation perform-

ance of a p-xylene/o-xylene/helium mixture at tempera-

tures ranging from 100 �C to 400 �C were found. The

difference in the separation factor could not be attrib-

uted to the calcination rate.
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Membrane Science 195 (1) (2002) 125.

[5] V.A. Tuan, S. Li, J.L. Falconer, R.D. Noble, Journal of

Membrane Science 196 (1) (2002) 111.

[6] Z. Lai, G. Bonilla, I. Diaz, J.G. Nery, K. Sujaoti, M.A. Amat, E.

Kokkoli, O. Terasaki, R.W. Thompson, M. Tsapatsis, D.G.

Vlachos, Science 300 (5618) (2003) 456.

[7] M. Pan, Y.S. Lin, Microporous and Mesoporous Mater 43 (3)

(2001) 319.

[8] W.C. Wong, L.T.Y. Au, P.P.S. Lau, C.T. Ariso, K.L. Yeung,

Journal of Membrane Science 193 (2) (2001) 141.

[9] H. Kita, K. Fuchida, T. Horita, H. Asamura, K. Okamoto,

Separation and Purification Technology 25 (1–3) (2001) 261.
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Abstract

Silicalite-1 membranes with small crystal size were prepared using a multiseeding
method, where the support was repeatedly seeded and exposed to a short hydrother-
mal treatment up to five times. The films were characterized using SEM, single gas
permeation, porosimetry and mixture separation experiments. Films with three or
four layers were of high quality i.e with minor defects according to the porosimetry
experiments but showed poor separation of binary mixtures. This result may be
attributed to the small crystal size and/or large amount of grain boundaries in the
films.

1 Introduction

It is currently believed that the amount of grain boundaries may influence the sepa-

ration performance of zeolite membranes [1]. A large amount of grain boundaries is

believed to be flux limiting since each grain boundary will act as a mass transport

barrier [1]. Grain boundaries may also have a negative impact on the separation

factor of binary mixtures since different mass transport mechanisms are believed

∗ Corresponding author.
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to occur along the grain boundaries compared to the mechanism within the zeolite

pores [1].

In the present work, a method for the preparation of high quality, multi layer,

silicalite-1 membranes with small crystal size was developed. These membranes were

compared with membranes comprised of crystals with larger size and thereby con-

taining a lower amount of grain boundaries in order to confirm or reject the hypoth-

esis mentioned above.

2 Experimental

2.1 Membrane preparation

Samples with a small crystal size were prepared by a development of the seed film

method [2] and the procedure is outlined below. Asymmetric α-alumina micro filtra-

tion filters with a large pore (3μm) body and a small pore (100 nm) top layer and

a diameter of 25 mm where used. Prior to film growth, the substrates were masked

as described elsewhere [2]. In order to obtain a small crystal size, the film was fab-

ricated using a multi-seeding method, developed in the present work, the procedure

is outlined in Figure 1. The masked support (A) was first treated with a cationic

polymer in order to render the surface positively charged (B) and zeolite seed crys-

tals were subsequently electrostaticly adsorbed (C). The seeded supports were hy-

drothermally treated for 12 hours in a synthesis solution with the molar composition

3TPAOH:25SiO2:1500H2O:100EtOH (D). The sample and synthesis solution were

kept in a polyethylene tube which was placed in an oil bath at 100 ◦C. The samples

where cooled to room temperature in the synthesis solution and rinsed 3 times in an

0.1 M NH3 solution and left in an 0.1 M NH3 solution overnight. Thicker films were

obtained by repeating the seeding procedure and the hydrothermal treatment from

(E) to (H) until the wanted number of layers was achieved. In this work, samples

with on up to five layers were prepared. The samples were labelled M1 to M5 where

the number refers to the number of layers in the film. Two single layer samples

were also prepared for comparison. These two samples were prepared using steps

(A) to (D) but with longer hydrothermal treatment, 36 and 96 hours respectively.

The samples were labelled M36h and M96h, respectively. Finally, all samples were

calcined as described elsewhere [2].
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Figure 1. The multistep method.

2.2 Characterization and evaluation

The samples were characterized using scanning electron microscopy. Film thickness

and morphology was obtained with a Phillips XL30 scanning electron microscope,

equipped with a LaB6 emission source. Single gas permeation measurements were

performed at room temperature directly after calcination, as described elsewhere

[2] on all membranes. For sample M1 to M5, the feed pressure was 0.3 barg and

for the M36h and M96h the feed pressure was 0.5 barg. He, H2, N2 and SF6 were

used as probe gases. The quality of the samples was measured using porosimetry

[2, 3], where the steady state helium permeance is measured as a function of relative

partial pressure of n-hexane. A large drop in helium permeance between zero activity

of n-hexane and the first activity (P/P0=0.01) is characteristic for a high quality

membrane [4]. Separation of hydrocarbon isomers were also performed applying one

of the films prepared in layers. Three different hydrocarbon isomer mixtures were

studied, n-/iso-butane, n-hexane/2,2-di-methyl-butane (DMB) and p-/o-xylene, at

varying temperatures, under similar conditions as described elsewhere [2].
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Figure 2. Side view of membrane (a) M1, (b) M2, (c) M3, (d) M4 and (e) M5.

3 Results and discussion

3.1 Scanning electron microscope

Figure 2 shows micrographs of the multistep membranes. The film of membrane M1

is very thin and it is difficult to distinguish the film from the support. However the

4



Table 1
Film thickness measured with SEM

Membrane M1 M2 M3 M4 M5 M36h M96h

No of layers 1 2 3 4 5 1 1

Thickness (nm) 100 300 450 650 850 600 1100

500 nm

(a)

500 nm

(b)

500 nm

(c)

500 nm

(d)

Figure 3. Top view of membrane (a) M2, (b) M5, (c) M36h and (d) M96h.

thickness increases with increasing number of layers as expected, see Figure 2 and

Table 1. The film thickness increases approximately 200 nm for each layer. Figure 2

also shows that the grain size in the zeolite film always is smaller than the grain size

of the alumina support, which is about 200 nm. As may further be seen from Table 1,

the single layer sample M36h (600 nm), has a similar film thickness as sample M4

(650 nm).

In Figure 3, top view micrographs of selected membranes are shown. Figure 3 (a)

represents the film with two layers, sample M2 and Figure 3 (b) the film with five

layers, sample M5. As expected, there is no visible difference in morphology between
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Table 2
Single gas results

Membrane
He Permeance
(10-7 mol/(m2sPa)) Permeance ratios

Multi layers H2/He H2/SF6 N2/He He/SF6

M1 386 1.7 3.5 0.6 2

M2 283 1.8 4.9 0.7 2.7

M3 182 1.9 5.9 0.8 3.1

M4 124 2.1 7.4 0.9 3.5

M5 76 2.6 9.3 1.5 3.6

Single layers

M36h 78 2.6 14.5 1.6 5.6

M96h 70 2.2 16.4 1.5 7.5

sample M2 and M5 even though the film thickness differs with 550 nm. Membranes

M1, M2 and M4, showed a similar appearance. The crystal size is thus independent

of the film thickness when membranes are prepared with the multiseeding method.

For comparison, the single step samples are further shown in Figure 3 (c) and (d).

As may be seen from these Figures, the crystal size increases with increasing film

thickness, in contrast to samples M1 to M5.

3.2 Single gas permeation measurement

Helium permeance and permeance ratios obtained from the single gas permeation

measurement are given in Table 2.

As may be seen in Table 2, the permeance is decreasing with the number of layers, i.e.

with film thickness, as expected. It is also interesting to compare M36h and M4, since

they have similar film thickness. It is clear that the film prepared with four seedings

has a higher permeance, even though it is somewhat thicker. Jareman [5] reported

that for membranes with constant defect distribution, but varying film thickness,

permeance ratios in general should increase with increasing film thickness. All ratios

for membranes M1-M5 are increasing with increasing film thickness, which suggests

that the defect distribution is constant or that the thicker films are less defective
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Figure 4. Porosimetry data for all the films prepared in layers (a), comparison
porosimetry data for M5 and M96h (b).

than thinner ones. For the single layer films, some ratios are increasing, while other

are decreasing.

3.3 Porosimetry

Figure 4 (a) illustrates the porosimetry patterns for samples M1-M5. As may be

seen from the Figure, sample M1 and M2 show poor results probably due to a non

closed film, indicated by the absence of an initial drop in permeance. Both samples

M3 and M4 are of high quality; they possess a low amount of defects and a high

permeance. M5 shows a poorer result, it is more defective. It has previously been

shown [4], that thicker films are more defective than thinner ones. This seems the

case also for thick, multilayer films. Figure 4 (b) illustrates the porosimetry pat-

terns of samples M5 and M96h. It may be seen that the results are similar, both

membranes are somewhat defective, as indicated for M96h by the single gas exper-

iment. The porosimetry patterns of M3, M4 and M36h are illustrated in Figure 5

(a) for comparison. The samples showed similar results, i.e high permeance and low

amount of defects, indicated by the large drop in permeance at the first point. In the

region 0<P/P0<0.05, illustrated in Figure 5 (b) a slightly better result is observed

for M36h since the drop in permeance is somewhat larger for M36h compared to M3

and M4. It should though be noted that this difference is very small compared to

the total permeance through the membrane.
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Figure 5. Comparison of porosimetry data for the M3, M4 and M36h (a), comparison
of porosimetry data for M3, M4 and M36h in the region 0<P/P0<0,05 (b)

Table 3
Relative permeance through micropores.

Membrane M1 M2 M3 M4 M5 M36h M96h

(%) 0.3 29.6 99.5 99.2 97.4 99.6 97.3

The relative permeance through the micropores can be calculated as 1-(He perm,

P/P0= 0.01)/(He perm, P/P0=0) and is given in Table 3. For samples M1 and M2

the relative permeance through the micropores is low, 0.3 % and 29.6 % respectively.

In the case of sample M3, M4 and M36h over 99 % of the permeance is through the

micropores, M36h has the highest value, due to the differences seen in figure 5 (b).

The relative permeance through micropores for M96h and M5 is 97.3 % and 97.4 %

respectively.

3.4 Separation experiments

Separation experiments were performed on sample M3 since it was the multistep

membrane of highest quality according to porosimetry. The results are given in

Table 4 and are compared with previously reported results for a 500 nm film grown

in one step [2]. The film prepared in layers showed drastically poorer separation

factors for all three mixtures. This could either be due to the larger amount of grain

boundaries in the film or just simply by undetected defects in the film. This will be

8



Table 4
Comparison of separation factors

Membrane n-/iso-butane n-hexane/DMB p-/o-xylene

α T(◦C) α T(◦C) α T(◦C)

500nm Single step film [2] 9 25 227 390 16 390

M3 0.7 25 11 390 1.4 390

investigated in detail in future work.

4 Conclusions

The developed multiseeding method is an excellent procedure for the preparation

of membranes with small crystal size; according to SEM all samples had a small

crystal size independent of the film thickness. The film thickness was easy to control

by increasing the number of layers. A comparison between the membranes prepared

in layers and those prepared in one step was carried out. The multiseeded films

showed poorer separation factors of binary mixtures compared to those previously

reported in the literature, which is believed to be due to either defects not detected

by porosimetry or that the crystal size influences the mass transfer properties of the

membrane.
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Abstract

Thin MFI membranes with varying morphology have been prepared using high flux
alumina supports using an advanced synthesis procedure employing support mask-
ing and seeding. Evaluation of membrane quality by physical characterization and
permeation measurements revealed a number of factors affecting the membrane per-
formance. In the present work, the effects of film thickness, support type, preferred
orientation and calcination rate are discussed. Some quality criteria for zeolite mem-
branes are also debated and the porosimetry technique is discussed.
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1 Introduction

The performance of MFI membranes have been measured and described in a vast

number of scientific publications and several review articles have been written [1,

2]. Some factors affecting or even controlling the performance of the membranes

have also been addressed and discussed. Two examples of such factors are preferred

orientation and film thickness. However, the effects of these factors have not been
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shown clearly due to experimental difficulties. The aim of the present paper is to

spread some additional light on these factors.

An advanced synthesis procedure for the preparation of high quality zeolite mem-

branes has been developed during several years [3–6]. During this work, a number of

additional factors affecting membrane performance have been discovered and some

of them are also discussed in the present paper.

2 Experimental

MFI membranes were prepared and tested as described elsewhere [3, 4], with or

without support masking, the procedure is described briefly here. The supports

were built by a 30μm thick layer with 100 nm pores on a 3 mm thick layer with

3 μm pores. A thin layer of polymer dissolved in an organic solvent was added on

top of the support. After careful evaporation of the solvent, the support was im-

mersed upside down in molten wax under vacuum. The polymer was subsequently

dissolved in organic solvent, resulting in a masked support, i.e. the support pores

completely filled with wax but with the top surface free from wax. The masked sup-

port was then treated with a cationic polymer mixture and then immersed in a sol

containing 60 nm silicalite-1 crystals. Following seeding, the substrates were treated

in a synthesis mixture for silicalite-1, which was heated in an oil bath at 100 ◦C. The

film thickness was controlled by the synthesis time. The membranes were calcined

at 500 ◦C and dried at 300 ◦C in a dry He stream prior to testing. Porosimetry data

was recorded as described in detail elsewhere [3]. In this characterisation technique

[7], the He permeance at room temperature is measured as a function of pressure of

a condensable compound, such as a hydrocarbon. n-Hexane and p-xylene was used

in the present study. The measurement starts with a dry membrane and the pres-

sure of the hydrocarbon is increased step-wise. The permeance is recorded at steady

state. Single gas and multi component permeation experiments measurements were

carried out as well, details can be found elsewhere [3].
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Fig. 1. n-Hexane (nC6) and p-xylene (pX) porosimetry patterns at room temperature
for 500 nm and 1100 nm thin silicalite-1 films.

3 Results and Discussion

3.1 Effect of film thickness on membrane quality

Figure 1 shows n-hexane and p-xylene porosimetry patterns at room temperature

for a 500 nm thin silicalite-1 film. The performance of the membrane is high, since

the helium permeance at zero n-hexane activity is very high and the permeance

drops essentially to zero even at a low activity of n-hexane (note the logarith-

mic scale). The average helium permeance for this membrane type is very high,

86 × 10−7 mol s−1 m−2 Pa−1 (average for 10 membranes) at zero n-hexane activity

[3]. High permeance and a minor amount of defects thus signify the high quality

of the membrane type. The p-xylene porosimetry data is identical to the n-hexane

data, which shows that also the bulkier p-xylene molecule readily can access the MFI

pores and block them, resulting in low helium permeance. A mathematical model

has been developed in order to compute the defect distribution from porosimetry

data [8]. According to these calculations, a membrane with a porosimetry pattern

as the 500 nm film in Figure 1 is essentially defect free. The total defect area is only

about 0.2 ‰ of the total membrane area. Figure 1 also shows data for an 1100 nm

thick MFI film. Since n-hexane does not block this membrane very well at low ac-

tivities, the data indicates that this film is defective. According to the model, most

of the defects are smaller than 2.7 nm and the area of these defects are 6 ‰ of the

total membrane area. This illustrates that zeolite membrane quality is dependent on

film thickness. In the field of thin film science, it is well known that very thin films
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Fig. 2. Permeance of p- and o-xylene as a function of temperature. Separation of a
mixture (850 Pa p-xylene, 700 Pa o-xylene, and helium balance to 1 bar) over a 500
nm membrane is shown in (a). Single gas permeances (1.5 kPa p-xylene and helium
balance to 1 bar) of p-xylene for 500 and 1100 nm films are shown in (b).

may be defect free. However, until now, this has not been observed for zeolite films,

probably since it has not been possible to compare very thin films with thicker ones,

due to limitations of the employed synthesis procedures. Until now, it has not been

possible to prepare thin and continuous films.

3.2 Preferred orientation

Another interesting observation from Figure 1, is that p-xylene almost does not block

the thicker membrane at all. At p/p0=0.01, the He flow is about 7 times larger and at

At p/p0≈1, the flow is more than 200 times larger than the corresponding flow when

using n-hexane as adsorbate. This suggests that the MFI pores of this membrane are

not readily accessible to p-xylene vapour at room temperature or that p-xylene of

some reason is mobile, allowing helium to permeate through the membrane. In order

determine the cause for this result, single gas and mixture permeation experiments

using p- and o-xylene were carried out. Figure 2(a) shows the permeance of para-

and ortho-xylene as a function of temperature for the 500 nm film with porosimetry

data shown in Figure 1. The feed was a mixture of 850 Pa p-xylene, 700 Pa o-xylene

and helium balance to 1 bar. It can be seen that the membrane is not selective at

temperatures below 40 ◦C, but is selective at higher temperatures, with a maximum

separation factor of about 19 at 270 ◦C. It has previously been reported that the

selectivity was increasing with temperature and that the highest separation factor
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(16) was reached at the maximum temperature of the experiment, i.e. 400 ◦C [3].

The cause for the shifted maximum is currently investigated, but a hypothesis is

that it may be related to the ramping speed of the furnace. When the 1100 nm film,

with porosimetry data shown in Figure 1, was tested with the same feed, is was

almost not selective at all, the separation factor never exceeded 1.6. This is due to

the defects that were detected in the porosimetry experiment. Figure 2(b) shows

the single gas p-xylene permeance for a feed with the composition 1.5 kPa p-xylene

and helium balance to 1 bar. Surprisingly, the 1100 nm film has much higher p-

xylene permeance than the 500 nm film. The para-xylene permeance through defects

can be estimated from the porosimetry data. Since the membrane was completely

blocked at high activities of n-hexane (p/p0> 0.6), the helium permeance via defects

should equal 3.6 × 10−7 mol s−1 m−2 Pa−1, i.e. the helium permeance at p/p0=0.01

in the n-hexane porosimetry experiment, see Figure 1. This activity of n-hexane

corresponds to a defect size of 1.1 nm according to the Horvath-Kawazoe equation

[8] and it is assumed that there are no defects that are smaller than this. Since the

defect distribution of the membrane is such that both helium and para-xylene are in

the Knudsen regime, the para-xylene permeance via defects can be estimated from

the helium permeance, by applying the Knudsen equation. Para-xylene should thus

have a five times lower permeance than helium, or about 7 × 10−8 mol s−1 m−2 Pa−1.

Since the measured para-xylene permeance was about ten times higher than this in

the whole temperature range, para-xylene should mainly permeate via the zeolite

pores in the 1100 nm film and not via defects. However, an alternative explanation

is that defects smaller than 1.1 nm are present in the membrane. These defects may

not be detected in the porosimetry experiment. The higher para xylene permeance

can explain the deviation between n-hexane and para-xylene porosimetry results for

the thick film. It seems as n-hexane blocks the membrane very well, resulting in

low helium permeance at high activities. However, para-xylene seems quite mobile,

allowing helium to permeate. If para-xylene permeates via defects smaller than about

1.1 nm or via the zeolite pores can not be established at the moment.

The higher para-xylene permeance can be attributed to the stronger preferred ori-

entation of the silicalite-1 crystals in the film. As reported before [4, 9], the crystals

in thicker films, especially on masked supports, have a stronger preferred orientation

than in thinner films. Most of the crystals in thicker films are oriented with their

a-axis perpendicular to the support surface.
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Fig. 3. Permporosimetry data for membranes calcined with varying heating and
cooling rates. The small observed differences are probably within experimental limits
in membrane preparation.

3.3 Calcination rate

Many studies have been devoted to the calcination procedure and the related crack

formation processes in zeolite membranes. These studies have been focused on finding

a crack formation mechanism. However, a report treating the calcination rate of

zeolite membranes, i.e. the heating and cooling rate, cannot be found in the open

literature. The research community has assumed that a low rate should be used.

However, a low heating and cooling rate of for instance 0.2 ◦Cmin−1 to the calcination

temperature 500 ◦C and a holding time of 5 h, inflict a total time of 3.5 days for the

calcination procedure. Obviously, of practical reasons, it would be advantageous with

a quicker calcination procedure, if the membrane quality is not affected.

Figure 3 shows n-hexane porosimetry data for 500 nm silicalite-1 films on graded alu-

mina supports, calcined with heating and cooling rates of 0.2, 1.0 and 2.0 ◦Cmin−1.

The data shows that all membranes are of very good quality. As has been shown

previously [3], 500 nm silicalite-1 membranes prepared according to our method and

calcined with 0.2 ◦Cmin−1 have high flux and good separation factors for mixtures of

butane, hexane and xylene isomers. The helium permeance at p/p0=0 is high, about

90 × 10−7 mol s−1 m−2 Pa−1 for all membranes, characteristic for thin silicalite-1

films on graded alumina supports [3]. When n-hexane is present, the permeance

drops dramatically already at very low activity, but levels out at higher activity,

typical for high quality membranes [3]. The very small differences observed in the

data in Figure 3 (please note the log-scale) are insignificant. Also single gas data,
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Table 1
Single gas data for membranes calcined with varying heating and cooling rates.

Calcination rate / (◦Cmin−1) 0.2 1 2

Gas He SF6 He SF6 He SF6

Permeance ·107/[mol s−1 m−2 Pa−1] 80 14 71 13 72 14

shown in Table 1, indicates that the membranes are very similar, despite the vary-

ing calcination rates. These experiments thus show that the membrane quality is

independent of the calcination rate. It thus seems, as it is possible to calcine these

membranes very quickly. It should be noted that special arrangements are necessary

for high calcination rates, especially to realise fast cooling of the furnace. This is in-

teresting and experiments using even more extreme calcination rates will be carried

out, which may improve the understanding for crack formation in zeolite membranes.

However, already a calcination rate of 2.0 ◦Cmin−1 is advantageous. The total time

for calcination at 500 ◦C, with a holding time of 5 h, is only 13 h and an ”over night”

protocol can be employed. However, the present study has only explored the effects

of calcination rate on membrane quality for extremely thin zeolite films (500 nm), it

is possible that thicker films perform differently.

3.4 Film thickness and support properties

A mathematical model for single gas permeation in zeolite membranes has been

developed [8]. The model is not only accounting for the zeolite film, but also for a

defect distribution in the film and the effect of the support is included. There are

only two adjustable model parameters; these are the diffusion coefficient and the

adsorption coefficient, both for the zeolite. The support properties and the defect

distribution of the film are measured in separate measurements. Since the model is

accounting for defects in the zeolite film, the obtained diffusion coefficient for the

zeolite should be the intrinsic diffusion coefficient, i.e. for zeolite without defects.

The parameters were fitted to experimental results from one 500 nm silicalite-1 film

on a graded alumina support. The film had a porosimetry curve similar to the ones

shown in Figure 3. The membrane was thus virtually defect free. Next, the ratio of

the N2 and SF6 single gas permeance was calculated as a function of film thickness,

for two support types, see Figure 4. Curve A shows the result for a graded support,

of the same type used for the membranes in the present work, i.e. a 30μm thick layer

with 100 nm pores supported by a 3 mm thick layer with 3μm pores. Curve B shows
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the result for a non-graded support, with a pore size of 200 nm and a thickness of

3 mm. For reference, dashed lines in the diagram indicate Knudsen and silicalite-1

selectivity. Figure 4 illustrates several interesting phenomena. First of all, for very

thin films, the permeance ratio is strongly affected by the support. Membrane B

has a ratio below Knudsen selectivity for film thickness <2 μm, due to effects of

viscous flow on the mass transfer. Membrane A has a higher ratio, due to less mass

transfer resistance from the support. However, these simulations show, that for the

membranes discussed above, with a film thickness of 500 nm and 1100 nm on support

A, the permeance ratio is reduced significantly by the support. Although this support

is better than most available alumina supports, it reduces the single gas ratio N2/SF6

for silicalite-1 films that are thinner than 100μm. For substrate B, the situation is

even more severe, it is necessary with silicalite-1 films thicker than 1 mm to measure

the permeance ratio of the film only. Similar results are obtained if other single gas

permeance ratios, such as H2/He and N2/He are plotted for varying support types

and film thickness [8]. The simulations also show that if the defects are removed,

the single gas ratios hardly change. The curves in Figure 4 are thus only a result of

the properties of zeolite and support.
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3.5 Quality criteria

In the scientific literature, the quality of MFI membranes is often expressed in terms

of ratios of permeances from single gas experiments. For 500 nm films, light inorganic

molecules such as helium, nitrogen and hydrogen have permeances in the order of

1000 × 10−7 mol s−1 m−2 Pa−1, see Table 1. Bulkier molecules, such as para-xylene

and SF6, have an approximately 10 times lower permeance, see Table 1 and Figure 2.

Mass transport effects of the support are of course reduced for molecules that are

permeating more slowly through the zeolite. In other words, the single gas permeance

ratio of for instance para-xylene and ortho-xylene would be less affected by the

support. However, as was shown above, the para-xylene permeance seems dependent

on the orientation of the zeolite crystals in the film.

The discussion above has shown that single gas ratios are not at all suitable quality

criteria for zeolite membranes and cannot be used as a yardstick to compare mem-

branes prepared on varying supports and with varying film thickness. The ratios are

not only dependent of the quality of the zeolite film itself, but also on support type,

film thickness and even preferred orientation of the crystals in the film. Furthermore,

the test conditions, such as pressure, affect the ratio [8].

3.6 Porosimetry as a tool to predict membrane quality

Porosimetry measurements are much more reliable for quality control. For instance,

porosimetry data can predict separation factors for mixtures, at least semi quantita-

tive [4]. The mathematical model will be broadened in order to predict mixture sep-

aration factors quantitative from porosimetry data. Furthermore, the crack width,

as measured in SEM top-view images, is reflected by the porosimetry data [4].

Table 2 shows data for membranes of five types, denoted T1 to T5. Types 1 to 3

are prepared without masking, and the duration of the hydrothermal treatment is

17, 30 and 72 h, respectively. Types 4 and 5 are prepared by applying masking, and

the duration of the hydrothermal treatment is 30 and 72 h respectively. Due to the

variations in the preparation procedure, the film thickness varies. Furthermore, upon

hydrothermal treatment, the seed crystals grow both away from the support, but

also towards the interior of the support when the support is not masked. The latter

phenomenon was denoted as ”support invasion” [4]. When the support is properly
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Table 2
Crack width, n-hexane porosimetry data, single gas ratio and separation factor for
five membrane types.

Membrane type T1 T2 T3 T4 T5

Masked support No No No Yes Yes

Duration of hydrothermal treatment/h 17 30 72 30 72

Total film thickness/nm 300-400 900 1800 500 1100

Crack width/nm < 5 15 30 < 5 10-15

Support cracks No No Yes No No

Relative He permeance via defects 2% 10% 24% 0.5% 10%

Decrease in permeance between p/p0 = 0.025
and 1 / (1 × 10−7 mol s−1 m−2 Pa−1)

3 7 13 0.2 4

He permeance via large defects at p/p0 ≈ 1 /
(1 × 10−7 mol s−1 m−2 Pa−1)

0.2 0.1 6 0.2 0.7

a n-hexane/2,2-dimethyl-butane (mixture) 9.5 1.6 1.6 227 2

N2 / SF6 (single gas) 5.6 9.5 9.6 10 29

masked, the zeolite growth occurs predominantly away from the support, since the

masking protects the interior of the support [4]. This explains why the film in T4

is much thinner than T2, although the hydrothermal treatment duration was the

same. The same is valid for T5 and T3. Thorough SEM investigations on calcined

membranes revealed that the crack width, as observed in top view images, varies for

varying membrane types, see Table 2. The crack width increases with film thickness

and is reduced by masking. Furthermore, membrane of type T3 has support cracks,

i.e. cracks that extend throughout the whole cross section of the support and into

the support. The other membranes types have no support cracks, the cracks do not

propagate into the support, but stops at the zeolite/support interface.

n-Hexane porosimetry data is also given in Table 2. In the porosimetry experiment,

the permeance of helium in a dry membrane is first measured. This flow of helium

permeates via zeolite pores and defects. When n-hexane is introduced in the helium

stream (p/p0 = 0.025 in this case), the zeolite pores and probably some very small

defects are closed. According to the Kelvin equation, which can be used for an

estimate, a relative pressure of n-hexane = 0.025, corresponds to 1.1 nm. If these

very small defects are neglected, the relative helium permeance via defects can be
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calculated in the following way:

Relative helium permeance via defects = (helium permeance at p/p0 = 0.025) /

(helium permeance at p/p0 = 0)

It can be seen from Table 2 that the relative helium permeance via defects from the

porosimetry experiment agrees roughly with the observed crack width. Furthermore,

the membrane type with support cracks has the highest relative helium permeance

via defects. A p/p0 = 0.85 corresponds to 24 nm according to the Kelvin equation.

If a big permeance drop is observed in the relative pressure range between 0.025

and 1, it should thus be possible to find a lot of cracks by SEM. This was indeed

observed. It was easy to locate cracks in membranes of type T2, T3 and T5 while

it was very difficult or perhaps impossible for types T1 and T4 [4]. The Table also

shows that if a large helium permeance remains at p/p0 ≈ 1, support cracks may

be the cause. Also, if the film is too thin and not yet a closed layer, a large helium

permeance remains at p/p0 ≈ 1. Furthermore, the separation factors for a mixture

of C6 isomers, i.e. n-hexane/2,2-dimethyl-butane are roughly in agreement with the

relative He permeance via defects from porosimetry data.

4 Conclusions

A number of parameters affect membrane quality and separation performance of

MFI membranes. The present paper has given examples of how factors such as pre-

ferred orientation of the zeolite crystals, calcination rate, film thickness and support

properties affect the performance of MFI membranes. It has also been shown that

commonly reported quality criteria in the form of single gas ratios are among other

parameters influenced by preferred orientation and film thickness. In contrast, n-

hexane helium porosimetry seems as a very reliable tool for the characterisation of

MFI membrane quality.
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