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Abstract 
 
 

Zeolites are crystalline aluminosilicates with molecular sieving properties and are 

commonly used in applications such as catalysis, adsorbtion or ion exchange. Zeolite 

membranes are industrially interesting due to the ability to separate chemical compounds in 

continuous processes under severe conditions. Zeolite membranes have well-defined pore size 

suitable for many applications and high thermal and chemical stability. Zeolite membranes 

must be thin in order to obtain a high flux and defect-free to achieve high selectivity. 

IN this work zeolite membranes of FAU type were prepared. The hydrophilic behavior 

of this kind of zeolites is used to separate polar compounds by preferential adsorption. FAU-

type films with a thickness of 0.5 µm was grown on porous α-alumina supports using a 

seeding method. No organic template molecules were used during the synthesis of the 

membranes, avoiding the calcination procedure that can induce the formation of cracks. The 

membranes were characterized with scanning electron microscopy, x-ray diffraction, 

porosimetry and separation experiments. 

The objective of this work is to obtain thin and virtually defect-free films by using a 

clear synthesis solution. The synthesis conditions were modified to study its influence on the 

separation performance of the membranes.  

Single and dual seeding procedures were investigated in order to obtain a dense seeded 

surface. It was found that a single seeding was sufficient to obtain a dense layer of seeds. The 

influence of the synthesis solution composition on the quality and growth of the FAU films 

was also investigated. The thermal stability of FAU membranes was studied. It was 

demonstrated that high drying temperatures do not reduce the membrane quality. Several 

rinsing procedures for the prepared membranes were also investigated. It was found that a 

larger amount of defects formed during longer time of rinsing procedures. The CO2 selectivity 

of binary CO2/CH4 mixtures improved by ion exchanging the zeolite films with K+ ions. 
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1 Introduction 
 

1.1 Background 
Zeolites are extensively used as powders or as pellets for separation of gaseous mixtures 

or water removal from solvents. Important processes are pressure or thermal swing adsorption 

processes. Adsorption processes are non-continuous and consume a significant amount of 

energy in the pressure and thermal swings. Thus continuous processes are desirable from an 

economical point of view. 

Higher conversion is obtained if the reactants are separated from the product stream and 

recycled. This purification is commonly carried out by very energy-demanding separation 

processes, such as distillation. For this reason, it would be desirable to conduct the separation 

of the mixture at the reaction temperature with membranes. This would avoid an energy 

consuming phase change. However, organic membranes cannot be used in many of the 

industrial processes due to the high temperatures. Thus, an inorganic membrane would be 

more suited to carry out the separation in many industrial conditions. Consequently, a 

significant amount of research has been carried out during the last two decades in the 

continuous zeolite-based separations field. 

The separation using zeolites is based on three different mechanisms: sieving, preferred 

adsorption and separation based on differences in diffusivities. The sieving mechanism occurs 

where only the molecules smaller than the pores of the membrane can pass through the film. 

In preferential adsorption, one species is more strongly adsorbed and may permeate more 

effectively through the membrane. The separation can also occur due to differences in 

diffusivities of the permeating species causing molecules with higher diffusion coefficient to 

preferentially diffuse through the membrane. 

In order to obtain high separation factors it is important to obtain defect-free 

membranes. If defects are present in the film, these may dominate the mass transfer 

mechanism due to the larger diffusion coefficient though the defects than the zeolite pores. A 

high fluxes that reduces the required membrane area is achieved by the preparation of thin 

films. 
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1.2 Scope of this work 
 

The scope of this work is to investigate the synthesis of faujasite films on α-alumina 

supports. The aim of this work is to obtain thin and virtually defect-free films by using a clear 

synthesis solution, and improve the separation performance of these membranes. The desired 

film thickness is 500 nm in order to obtain a high flux. 

The films will be prepared using a seeding method. The specific technique to grow 

dense films is the Seed Film Method. In a first step, the ability of the seeds to form a dense 

layer on the support will be studied. The results will be obtained by seeding the supports once 

or twice and checking the coverage by SEM. Films will then be synthesized under different 

conditions, such as synthesis time, composition of the synthesis solution and rinsing 

procedures. 

Three different clear synthesis solutions will be compared with the solution used at the 

Division for the preparation of faujasite films. The capacity of the different solutions to obtain 

defect-free faujasite films will be tested, analyzing the film thickness by SEM. The optimal 

synthesis solution will be obtained comparing the membranes by n-hexane porosimetry 

techniques and gas mixture separation performance. 

Once the optimal synthesis solution is defined, different rinsing procedures will be 

analyzed. The study is based on the comparison of long and short rinsing duration, and the 

comparison of different solutions. The membranes will be characterized and compared by n-

hexane porosimetry and gas mixture separation. 
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2 Zeolites and zeolite films 
 

Zeolites are three-dimensional, microporous crystalline aluminumsilicates. The 

structure is built by [AlO4]5- and [SiO4]4- tetrahedra. Oxygen atoms link the adjacent 

tetrahedras. The relative amount of aluminum is expressed as the Si/Al ratio. This ratio can 

vary between 1 and ∞, for the entirely siliceous form. 

Uncharged framework is obtained for a completely siliceous crystal. When Al atoms are 

incorporated into the silica framework, the +3 charge of Al renders the framework negatively 

charged. The charge of the framework is balanced by extraframework cations. 

The general expression for a zeolite may be expressed as follow [1]: 

[ ] OnHOAlSiM nn
n

mn 221/ ⋅⋅ −
+  

where M = counterion 

 21 OAlSi nn− = structural framework 

 OH 2 = sorbed phase 

 

The counterion can be a metallic, ammonium or alkylammonium cation that can be ion-

exchanged [1]. 

  

2.1 Structure 
About 130 zeolite structures are known today [2]. The pore diameter in each zeolite is 

determined by the crystalline structure. The diameter of the pore is an important property, 

since it determines the maximum size of the molecules that can diffuse within the micropores. 

Known zeolites have pore diameters between 3 and 13 Å [3], i.e. micropores.  

The zeolite that was synthesized during this work has the FAU structure. The FAU 

group includes X (Si/Al ratio of 1:1.5) and Y (Si/Al ratio > 1.5). The building block of a 

faujasite zeolite is the truncated octahedron structure, as shown in Figure 1 (a). The truncated 

octahedron is denoted sodalite unit or sodalite cage. The silicon and aluminum atoms are 

placed in the vertexes. Each of the silicon/aluminum atoms are surrounded by oxygen atoms, 

and those oxygen atoms fill the segments, see Figure 1 (b). 
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(a) (b) 

Figure 1.  Illustration of the FAU building blocks [4]. A sodalite cage (a) 

and the atomic model with silicon/aluminum as closed circles and oxygen 

as open circles (b). 

 

The cubic unit cell of the faujasite has large cell dimension and contains 192 (Si,Al)O4 

tetrahedra. The octahedrons are linked by the hexagonal side, through a hexagonal prism, 

forming large voids or cages in the structure. These large voids are referred to as supercages 

and are connected to four other supercages through 12-membered rings and to four sodalite 

units through six-membered rings [5]. The faujasite structure is illustrated in Figure 2. 

 

 

 
Figure 2. Faujasite framework structure [4]. 

 



 5

Figure 3 shows a scanning electron microscopy (SEM) micrograph over faujasite 

crystals that have grown to form a dense film of crystals. 

 

 
Figure 3. SEM image of faujasite crystals in a film. 

 

The channel system of FAU-type zeolites run in parallel to the [110] direction. The 

channels have the same size with a pore diameter of ~0.74 nm [6] and are intersected in a 

perpendicular pattern [1]. 

 

2.2 Properties 
The application temperature for zeolites ranges from room temperature to ~700ºC for 

the low-silica zeolites or to ~1300ºC for completely siliceous zeolite, such as silicalite 

[7].Surface areas of zeolites are typically of the order of 300-700 m2/g and more than 98% of 

this area is composed by the internal surface. 

Many properties of the zeolite are influenced by the aluminum content, since the 

aluminum adds charge to the framework. The charged structure provides catalytic activity, 

hydrophilic behavior and ion exchange capacity to the zeolite. 

The catalytic activity is provided by the acid sites. The acid strength and proton activity 

coefficients increase with increasing Si/Al ratio in the zeolite [7]. Thus, is important to find 

the optimum Si/Al ratio depending on the application of the zeolite. The catalytic capacity of 

the zeolite can be enhanced if the counterions are ion-exchanged. Catalytically active metal 

ions can be distributed into the framework during the synthesis, as well as acid centers [7]. 

For low values of the Si/Al ratio the zeolite have hydrophilic behavior, i.e. polar compounds 

are preferentially adsorbed. 
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The ion exchange has not been as extensively studied due to the complexity of the 

process. It should be noted that ion exchange are of highly important in catalytic and 

detergent applications. 

 

2.3 Applications 
Zeolites are mainly used as catalysts, adsorbents and ion exchangers as mentioned 

previously. The catalytic properties of the zeolites are used for oil refining, petrochemistry, 

and organic synthesis of fine chemicals. Zeolite acidity is important for hydrocarbon 

transformation reactions, cracking and isomerisation. Zeolites are also shape selective, that is, 

only the molecules with the appropriate size can diffuse within the pores and react. 

Zeolites are used as adsorbents in drying, purification, and separation. Zeolites 

effectively adsorb water even at low partial pressure and are efficient desiccants. Thus, 

zeolites are able to remove volatile organic compounds from air streams [8], separate isomers 

and gas mixtures [9]. The cations are easily exchanged with other cations in aqueous solution, 

which is a property used for water softening. 

Zeolites can also be used as films in numerous applications. These applications will be 

discussed in a subsequent section. 

 

2.4 Zeolite Films 
During the last two decades, vast research efforts have been carried out in the field of 

continuous zeolite-based separations. Many energy-intensive separation processes, such as 

distillation or crystallization, can be carried out by using for instance zeolite membranes. 

Zeolite films are also able to combine selective catalysis with selective separations. Zeolite 

films can also been used in the fields of sensor technology and electrochemistry. 

Most work in the last 10 years have been focused on zeolite films supported on ceramic, 

glass, or metal porous substrates. The macroporous support offer mechanical stability for the 

selective zeolite film. A porous support is necessary in order to have low mass transfer 

resistance though the support. A continuous defect-free zeolite film is required on the support 

in order to obtain an effective separation. 



 7

3 Synthesis of Zeolite Films 
 

There are several methods for the preparation of supported zeolite films. The most 

commonly used methods are: in-situ crystallization, vapor phase transport and seeding 

method. A porous support may be used for mechanical strength for a thin film as described 

earlier. A thin film possesses a low mass transfer resistance which is necessary for a high flux 

membrane. 

 

3.1 In-situ crystallization 
With the in-situ crystallization, the substrate is directly submerged in the synthesis 

solution and the zeolite crystals are formed “in-situ” on the surface. No preformed zeolite 

crystals are present in the synthesis solution or attached to the surface prior to the synthesis. 

The main advantage is the simple one-step processing, whereas the rest of the methods require 

more than one step. 

By the in-situ crystallization it is possible to coat surfaces of complex shape and in 

confined spaces. Corrosion-resistant coatings and hydrophilic coatings on heat exchangers are 

appropriate examples [10]. 

 

3.2 Vapor phase transport 
The vapor phase transport method refers to a film deposition process where a reactive 

gel layer is deposited on the substrate prior to the hydrothermal/solvothermal treatment [11]. 

The support is first covered with an aluminosilicate gel. Afterwards, the gel is treated in an 

autoclave with vapors to convert the gel into a zeolite film. 

The vapor used in the second step is an organic templating agent or water depending on 

the zeolite system. The main advantage of this procedure is the reduction in the templating 

agent consumption. This is desired since the template is often a very expensive and toxic 

chemical compound. 

 

3.3 Seeding method 
The seeding method utilizes a layer of preformed zeolite crystals deposited on the 

substrate prior to the hydrothermal treatment. These crystals will act as seeds for the growing 

film during the hydrothermal treatment. 
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Thus this film preparation consists of several steps. This is more flexible and less 

surface sensitive than the in-situ method. The film thickness and crystal orientation in the film 

can be modified by altering the seed size and the hydrothermal conditions. Another advantage 

is that the growth process can be carried out at lower temperature than in-situ crystallization 

[10]. The main disadvantage of the seed assisted method is the need to synthesize small 

dispersible zeolite particles. 

Several methods for depositing the seed layer onto the substrate have been developed. 

Examples of seeding techniques are rubbing the substrate surface with zeolite crystals [6], 

laser ablation of zeolite powders [12], and dip-coating the support into a sol containing zeolite 

crystals [13]. 

A recently reported procedure is to covalently anchor seeds to the surface [14], to obtain 

micropatterned monolayers of zeolite crystals. The solution is applied to the support surface 

using a simple slip-coating procedure. In this method, a bifunctional coupling agent was used 

to covalently link seed to the support surface. In the first step, one functional group reacts 

with the support surface, and in the second step, the other functional group reacts with the 

seeds. This method has very recently been used to obtain b-oriented seed layers [15]. The b-

oriented seed layer was subsequently grown to a dense and apparently defect free b-oriented 

MFI-film. 

The technique used during the present work is the seed film method. The method was 

developed at the division of Chemical Technology at Luleå University of Technology [16]. 

With this method, the substrates are modified in order to facilitate the adsorption of seed 

crystals. In the case of negatively charged surfaces such as alumina or silicon substrates are 

modified by adsorption of cationic polymers in order to obtain a positively charged surface. 

The support is subsequently immersed into a colloidal suspension of zeolite crystals. These 

crystals are negatively charged thus the crystals adsorb on the surface by electrostatic forces. 

The seeded support is finally hydrothermal treated in an appropriate synthesis solution. The 

hydrothermal treatment consists in submerse the seeded support into the synthesis solution at 

high temperature. The synthesis solution provides the silicon and aluminum necessary to grow 

the seed crystals into a dense and continuous film. Once the membranes were formed, it was 

necessary to rinse them to remove the synthesis solution and crystalline aggregates. Finally, 

the membranes were dried as last step prior the characterization. 
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4 Experimental 
 

4.1 Preparation 

4.1.1 Polymer solution 
The purpose of the preparation is to obtain a 0.4% (w%) of cationic polymer solution. 

The polymer solution was used to obtain a positively charged surface during the seeding 

procedure. The preparation was carried out in agreement with the following: 

1. In a PE bottle, 3.14 g of EKA-ATC 4150 (50%) commercial polymer was 

carefully measured. 

2. The bottle was filled with distilled water up to 395 g. A 0.1 µm filter was used. 

3. The pH was adjusted to raise a value of 8.0 by the addition of a 1.0 M NH3. 

4. Finally, the bottle is filled to a total mass of 400 g. The polymer solution should 

be kept into the refrigerator. 

 

The cationic polymer solution is very important in the seeding process. A solution that 

is deteriorated could result in low seed coverage and thus low quality films. It is thus 

important to know if the polymer solution deteriorates during long time of storage. In order to 

investigate this, two samples were seeded using two different polymer solution that were 

stored for different times. 

 

4.1.2 Seeding 
During the present work, a colloidal solution of Faujasite crystals intended for the 

seeding procedure was supplied by the division of Chemical Technology. The seeding crystals 

were about 60 nm in diameter. The membranes were synthesized on a micro filtration filter of 

α-alumina (Inocermic GmbH) with a diameter of 25 mm. The top layer was formed by a 30 

µm layer with 100 nm pores and the bottom layer was 3 mm thick with 3 µm pores. The 

seeding was carried out in a beaker and the solutions were removed by using a pipette in order 

to avoid scratching the surface of the sample. 
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The seeding was conducted according to the following: 

1. The support was cleaned with acetone with to remove the possible fat deposited. 

The substrate was submersed in acetone for 10 minutes. 

2. The support was then washed 2 times with an un-filtered 0.1 M NH3 solution. 

3. After that rinsing the sample was again rinsed 6 times with a 0.1 M NH3 solution 

that was filtered though a 0.1 µm filter to remove dust. 

4. The support was submersed in the filtered polymer solution (EKA-ATC 4150, 

0.4 w%, pH 8.0) for 10 minutes to induce a positive surface charge. The polymer 

solution is filtered using a 0.8 µm inorganic filter. 

5. The sample was rinsed 6 times with filtered 0.1 M NH3 solution with the aim to 

remove the excess of polymer. 

6. The support was immersed in the seed crystal solution for 10 minutes. The filter 

used for the seeding solution was 0.45 µm. 

7. The excess of seed particles was removed by rinsing 6 times with filtered 0.1 M 

NH3 solution. 

 

To investigate the ability of the zeolite seeds to form a well distributed monolayer on 

the support, two samples were, as a first step studied. One sample was seeded once and the 

other was seeded twice. The steps from 4 to 7 in the list above were repeated to carry out the 

second seeding. 

 

4.1.3 Film growth 
The aim of the present study is to find a synthesis solution that yields a thin and 

virtually defect free FAU-type zeolite membranes. A synthesis solution denoted FAU-1 has 

previously been used at the Division. The main disadvantage of FAU-1 is that it separates in 

two phases during the hydrothermal treatment and the film growth rate differs between the 

two phases. 

Three clear solutions denoted EFM-1, EFM-2 and EFM-3, were investigated in order to 

prepare FAU membranes. These solutions do not separate into two phases. The compositions 

of the synthesis solutions used during the present work are given in Table 1: 
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Table 1. Synthesis solutions and their molar composition used 
during the present work. 

Solution Molar composition 
(Na2O:Al2O3:SiO2:H2O) Type of mixture 

FAU-1 14:1:10:797 2 phases 
EFM-1 80:1:16:5000 Clear 
EFM-2 80:1:9:5000 Clear 
EFM-3 50:1:10:3132 Clear 

 

The synthesis solutions were prepared by dissolving aluminiumsulfate-18-hydrate 

(Al2(SO4)3·18H2O, Riedel de Haën) in distilled water. Sodium metasilicate (Na2SiO3·9H2O > 

98%, Sigma) and sodium hydroxide (NaOH > 99%, Merck) were dissolved in distilled water. 

The solutions were stirred for one hour into different glass beakers. For solutions EFM-1, 

EFM-2 and EFM-3 the content of the beakers is mixed and homogenized a couple of minutes 

prior to the hydrothermal treatment. The preparation of the FAU-1 synthesis solution differs 

from the others since the sodium metasilicate was slightly heated in a 1 M NaOH solution 

prior to mixing in this case. The solution was homogenized for 2 hours prior to hydrothermal 

treatment. 

All samples were seeded once following the previously described procedure. The 

seeded supports were then placed in the polypropylene centrifuge tubes. The alumina supports 

were fixed slightly tilted, by Teflon holders, with the seeded surface facing downwards in 

order to avoid sedimentation of crystals that can be formed in the solution. The tubes were 

filled with the synthesis solution, connected to a water-cooled condenser and immersed in a 

heated oil-bath at 100ºC. In the case of FAU-1, the seeded alumina support was placed in the 

upper part of the synthesis solution to avoid the contact of the precipitates in the synthesis 

solution. For the clear solutions (i.e. EFM-1, EFM2 and EFM-3), this was not necessary. 

To achieve the same film thickness with the different synthesis solutions, the synthesis 

time was estimated using previous data. According to the data the appropriate length of the 

hydrothermal treatment to obtain a thickness of 0.5 μm was 1 hour and 20 minutes for EFM-1 

and EFM-2, 10 hours for EFM-3 and for FAU-1 the corresponding synthesis time was 2 hours 

and 30 minutes. 

In order to investigate the optimal synthesis solution to prepare a high quality FAU 

membrane two samples were prepared with each solution. Hydrothermal treatments for two 

different times were used to study film thickness as a function of time. The samples were 

grown on approximately a quarter of an entire support disk.  

 



 12

 

4.1.4 Rinsing procedures 
After hydrothermal treatment, the membranes were cooled down to room temperature 

for 30 minutes and rinsed twice to remove the synthesis solution and crystalline aggregates. 

Various rinsing procedures were developed. In the present work, two different solutions:0,1M 

NH3 solution and distilled water were used, for two different times, 24h or one week. After 

this rinsing all membranes were treated with methanol for one week prior to the investigation. 

The rinsing solution was exchanged every day. 

All membranes were fabricated with the EFM-2 synthesis solution and 1h 20 min length 

of hydrothermal treatment. The different rinsing procedures investigated within this work are 

given in Table 2.  

Table 2. Variation on the rinsing procedure.  
Sample Rinsing 

 NH3 
(1) KCl (1) Water Methanol 

MFM-4 18 h - - 1 week 
MFM-5 1 week - - 1 week 
MFM-6 1 week 24 h 24 h 1 week 
MFM-7 24 h 24 h 24 h 1 week 
MFM-11 - - 24 h 1 week 
MFM-12 1 week - - 1 week 
MFM-13 - - 1 week 1 week 

(1) 0.1M solution.  

 

4.1.5 Drying 
It is believed that the water within the crystalline structure is responsible for the cracks 

that occur during the calcination. For this reason, it is important to remove the water from the 

zeolite. This process receives the name of drying. The water in the zeolite should thus be 

progressively displaced from the crystalline structure by species that are weakly adsorbed. 

The membranes were treated with aqueous solutions during the rinsing procedure. As a 

first step to displace the water, all membranes were treated with methanol for one week, since 

the polarity of the methanol is lower than for the water and it is weakly adsorbed. The 

membranes were next mounted in the stainless steel cell where the experiments were carried 

out. As a second step during the drying procedure, the membranes were fed with a stream of 

CO2 and the temperature was slowly increased to 50ºC during three hours. After that, the 

temperature was slowly increased up to the drying temperature, depending on the sample, and 
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kept overnight. The drying temperatures for sample MFM-1 were 150, 200, 250 and 300ºC 

consecutively whereas the temperatures were 150 and 300ºC for MFM-4. Different 

temperatures were used in order to study the temperature stability of the membrane. Helium 

was used as the last species during the drying procedure since it is very weakly adsorbed. The 

fed was changed to a helium flow and the temperature was slowly decreased to room 

temperature. 

It is important to avoid contact between the air and the dried membrane, since some 

water can be adsorbed in the zeolite from the moisture. For this reason, the membrane was 

never dismounted from the stainless cell during different experiments such as porosimetry and 

separation performance. The entire cell, with the membrane inside, was always quickly 

moved from one facility to another. 

 

4.2 Characterization 

4.2.1 Porosimetry 
Porosimetry was used to characterize the size and amount of defects in the membranes 

[17]. The main scheme of the porosimetry unit used during the present work is showed in 

Figure 4. 

The methanol rinsed membrane is directly placed, with the film facing downwards, in a 

stainless steel cell equipped with a thermocouple and sealed with graphite gaskets (inner 

diameter 19 mm, Erik’s Belgium). The membranes were dried as explained in the drying 

section 4.1.6 
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Figure 4. Porosimetry unit. 

 

The helium permeance though the membrane was measured as a function of relative 

pressure of n-hexane. The pores in the membrane are closed by the n-hexane by increasing the 

relative pressure. The values for the partial pressure of n-hexane were approximately 0.0, 

0.01, 0.025, 0.25, 0.85 and 0.99). Each partial pressure can be related to a pore/defect size as 

shown in Table 3. 

 

Table 3. Relative partial pressure of n-hexane used in the porosimetry 
experiment and the corresponding pore/defect diameter [18]. 

P/P0 0.01 0.025 0.25 0.85 0.99 

d (nm) 1.08 1.27 2.65 9.18 100 
 

The relative pressure of n-hexane present in the feeding stream is adjusted by two mass 

flow controllers (MFC). One MFC adjusts a stream of pure helium while the other controls 

the flow of helium saturated with n-hexane. 

The pressure difference through the membrane was 1.0 bar, and the permeate side was 

kept at atmospheric pressure. The permeance across the membrane was measured after steady 

state had been achieved. The n-hexane is removed from the permeate by condensation prior 

the flow measurement. The measurement of the permeate was carried out using a soap bubble 

flow meter.  

The relative permeance through micropores can be calculated from the following 

formula. The results may be used to distinguish any differences in membrane quality. 

 

 

(1) 
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4.2.2 Mixture separation 
The membrane performance can be studied by mixture separation. The separation was 

carried out in a Wicke-Kallenbach setup, as shown in Figure 5. An absolute pressure drop 

induced the flow though the membrane. 

 

 
Figure 5. Wicke-Kallenbach cell. 

 

Figure 6 shows a principal drawing of the separation test facility. The flow of the 

feeding gases was adjusted by mass flow controllers. No sweep gas was used during the 

experiments. The pressure was controlled by back pressure regulators. An online Varian 3800 

gas chromatograph (GC) equipped with a thermal conductivity detector (TCD) was used for 

quantitative analysis of the gas mixtures. 

 

Figure 6. Separation unit. 
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The membranes were mounted from the methanol storage with the film facing 

downwards in a stainless steel cell and graphite gaskets were pressed directly against the 

membrane to obtain a gas tight sealing. The cell was equipped with a thermocouple and the 

temperature was recorded by a computer. 

 

The composition of the feed stream was 50/50 CO2/CH4. The overpressure in the 

retentate side was maintained at 0.5 bars. All separations were conducted at room 

temperature. The calculation of the CO2 selectivity is based on molar fractions. The main 

separation mechanism is the differences in adsorption characteristics rather than molecular 

sieving since both CO2 and CH4 are small enough to enter the pores of the FAU structure. 

CO2 permeates preferentially through a FAU-type membrane since it is adsorbed more 

strongly than CH4. 

 

4.2.3 X-ray diffraction 
X-ray diffraction (XRD) is used to determine the structure and composition of 

crystalline materials. The X-rays are generated using a filament of wolfram with anode of 

copper. XRD data were collected with a Siemens D5000 diffractometer. A scintillation 

detector was used. The sample is illuminated by the X-ray beam and the intensity of the 

diffracted rays is recorded as a function of the deflection angle (2θ). The 2θ interval was from 

5º to 35º with a step size of 0.02º and 6 seconds per step. 

According to the Bragg’s Law, the distance d between parallel planes in a crystal can be 

determined, if the wave length of the incident rays λ and the diffraction angle θ are known: 

 
 

(2) 
 

The obtained diffractograms were compared with patterns from a data base, in order to 

confirm the FAU zeolite. 

 

θ
λθλ

sin2
sin2 =⇒= dd
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4.2.4 Scanning electron microscopy 
Surface morphology and the zeolite film thickness was characterized with a Philips 

XL30 scanning electron microscope (SEM) equipped with a LaB6 emission source running at 

20 kV was used. 

The image is obtained by using electrons, instead of the visible light like in the optical 

microscopes. The electron gun emits a flow of electrons that passes though a series of 

magnetic lenses. The purpose of this is to focus the beam to a small spot. The beam then scans 

the sample row by row, moving the spot on the sample. The detector detects the number of 

secondary electrons that emits the surface of the sample. Depending on the number of 

electrons detected in each point, the pixel on the screen is darker or lighter. Higher 

magnification is obtained if smaller area of the sample is scanned, since the size of the screen 

is always the same. 

Non-conductive samples were coated with a thin layer of gold prior to investigation 

deposited by sputtering (BAL-TEC MED020). 
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5 Results and discussions 
 

5.1 Multiple seeding 
Good seed coverage is necessary for the preparation of high quality films. Figure 7 

shows top view images of both MFS-1 and MFS-2.seeded once and twice respectively. 

 

  
Figure 7. SEM images of single seeded, MFS-1, (a) and double seeded, MFS-2, (b) supports. 

 

A high seed density was obtained with one single seeding. The seed layer in Figure 7 (a) 

has a similar appearance as those reported [17] for silicalite-1 crystals on these types of 

supports. The quality of the single seed layer is high and will be used to produce high quality 

continuous films without pinholes. According to the investigation it is not necessary to utilize 

double seeding with the increasing consumption of colloidal faujasite crystals. 
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5.2 Age of the polymer solution 
Sample MPS-A was seeded using a newly prepared polymer solution and MPS-C was 

seeded with a polymer solution that has been stored for four months. Figure 8 shows SEM 

images of samples MPS-A and MPS-C. 

 

  
Figure 8. SEM images of seeded supports that has been seeded with a new 

polymer solution, MPS-A, (a) and a four months old solution, MPS-C, (b). 

 

It is not possible to appreciate any significant difference between the two samples. A 

dense layer of seeds is attached to the surface of the alumina support in both cases. Thus the 

age of the polymer solution seems to have no effect on the quality of the seeding. 
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5.3 Synthesis solution 
Prior to film preparation the duration of the hydrothermal treatment was estimated from 

previous data. The obtained film thickness was estimated using SEM. 

The estimated and the obtained film thicknesses for the samples are given in Table 4. 

 

Table 4. Effect of synthesis solution and time on film thickness. See Table 1 for 
synthesis solution compositions. 

Sample Synthesis 
Solution 

Crystallization 
Time 

Estimated 
Thickness (µm) 

Obtained 
Thickness (µm) 

MFF-1 FAU-1 2h 0.43 0.42 
MFF-2 FAU-1 4h 0.87 0.76 
MFF-10 EFM-1 1h 20min 0.5 0 
MFF-11 EFM-1 2h 40min 1 0 
MFF-12 EFM-2 1h 20min 0.5 0,59 
MFF-13 EFM-2 2h 40min 1 0,9 
MFF-14 EFM-3 10h 0.5 0,61 
MFF-15 EFM-3 20h 1 1,31 

 

Both obtained thickness and surface morphology are detailed in subsequent sections for 

all synthesis solutions. 
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FAU-1 
Figure 9 shows membranes prepared with the FAU-1 synthesis solution, for two 

different synthesis times. The film thickness of MFF-1 and MFF-2  is approximately 0.42 µm 

and 0.76 µm respectively. The growth of zeolite into the support is about 2 µm in the case of 

MFF-2 whereas is much less significant for MFF-1. Top view images of MFF-1 and MFF-2 

show films without cracks. 

 

  

  
Figure 9. Top view and obtained thickness of MFF-1 and MFF-2. 

 



 22

EFM-1 
The EFM-1 synthesis solution did not generate a dense film on the support (Figure 10). 

This may be due to the induction time of the synthesis or that the synthesis solution dissolved 

the seed crystals. The top view images confirm the absence of a dense film. Sample MFF-10 

has a similar appearance as the support. In the case of MFF-11, that had twice the synthesis 

time as MFF-10, extra crystals are attached to the surface. The structure of these crystals has 

not been investigated in this work. 

 

 
  

 
  

Figure 10. Top view and obtained thickness of MFF-11 and MFF-12. 
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EFM-2 
Figure 11 shows side views of membranes prepared with the EFM-2 synthesis solution. 

The film thickness is 0.59 µm for MFF-12, and 0.9 µm for MFF-13. Thus the calculations of 

the synthesis time were very accurate and the thickness was very close to the desired value. 

The film surface has no pinholes, no cracks or extra crystals. Bigger crystals were formed 

during the preparation of MFF-13, due to competitive growth of the crystals [19]. 

 

  

 
  

Figure 11. Top view and obtained thickness of MFF-12 and MFF-13. 
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EFM-3 
Films prepared using the EFM-3 synthesis solution are shown in Figure 12. The MFF-

14 film is about 0.6 µm thick, and MFF-15 reached a thickness of 1.31 µm. 

 

  

 
  

Figure 12. Top view and obtained thickness of MFF-14 and MFF-15. 
  

Top view SEM images at lower magnification show big cracks on the surface of MFF-

14 (see Figure 13). There are also crystals possibly of zeolite A and other aggregates on MFF-

14 surface. The surface of MFF-15 has no visible cracks and is built up by well developed 

crystals. Extra crystals are present on the surface, which could be zeolite P. It is known that 

for long hydrothermal treatment, zeolite P crystals can form [20]. 
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(a) (b) 

Figure 13. Cracks on MFF-14 (a), and possible zeolite P on MFF-15 (b). 

 

The thickness of each sample as a function of the synthesis time is showed in Figure 14. 
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Figure 14. Film thickness as a function of synthesis time for the four synthesis solutions used 

in the present work. 

 

The choice of the optimal synthesis solution is based on Figure 14 and SEM images. 

The EFM-1 solution is in-appropriate since no dense film was obtained. Although it is 

possible to obtain the required film thickness with the EFM-3 solution, the synthesis time is 

much longer. Further, the films obtained with EFM-3 had a large amount of cracks and extra 

crystals on the surface. 

Both FAU-1 and EFM-2 solutions yield virtually defect free films according to SEM. 

The same thickness is obtained with a shorter synthesis time using EFM-2. Additional 

comparison of FAU-1 and EMF-2 synthesis solutions is based on the membrane quality, 
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according to porosimetry data. Two membranes were grown to a film thickness of 

approximately 0.5µm. MFM-1 was prepared with FAU-1 synthesis solution and MFM-4 with 

EFM-2 synthesis solution (see Table 1). The porosimetry patterns of MFM-1 and MFM-4 are 

given in Figure 15. Porosimetry data for MFM-1 and MFM-4 dried at 300ºC.. The membranes 

were dried at 300ºC overnight in a stainless steel cell with a CO2 flow. The samples have a 

low amount of defects, indicated by the big drop in permeance when the partial pressure of n-

hexane was increased to approximately 0.01. 
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Figure 15. Porosimetry data for MFM-1 and MFM-4 dried at 300ºC. 

 

The permeance of pure helium through MFM-4 and MFM-1 is 18·10-7 and 13·10-7 mol 

m-2 s-1 Pa-1 respectively. Thus, the flux is around 1.4 times larger through MFM-4, which was 

prepared with the EFM-2 synthesis solution. 

The relative permeance though micropores can be calculated from the Equation 1 (see 

section 4.2.1). For MFM-1 and MFM-4 the relative permeance is 98.5% and 98.8% 

respectively. Thus the membranes are very similar. However the MFM-4 membrane had a 

higher permeance. Thus the EFM-2 synthesis solution is found to be the optimal solution of 

the four investigated. 
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X-ray diffraction data confirms that the films synthesized by using EFM-2 solution 

consist of FAU-type zeolite, see Figure 16. The peak at 2θ = 25.56º arises from the alumina 

support. 
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Figure 16. Resulting XDR pattern by using EFM-2 synthesis solution. 

 

 

5.4 Temperature stability 
 

The n-hexane porosimetry pattern of MFM-1 is given in Figure 17. The porosimetry 

pattern indicates that the membrane is of very high quality for all drying temperatures. The 

Figure also shows that the helium flow increases with higher drying temperatures. The 

permeance of pure helium was 5.9·10-7 mol m-2 s-1 Pa-1 after drying at 150ºC, and 13·10-7 mol 

m-2 s-1 Pa-1 after drying at 300ºC. Thus, the helium permeance increased by a factor of 2.2 

with a drying temperature of  300ºC compared with 150ºC. 
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Figure 17. Helium permeance as a function of partial pressure of n-hexane at 

room temperature (n-hexane porosimetry) for MFM-1. The porosimetry was 

carried out after drying at 150, 200, 250 and 300ºC consecutively. 

 

The difference in helium permeance when the partial pressure of n-hexane varies from 0 

to 0.01 is collected in Table 5 for the membrane MFM-1. The largest increase is achieved by 

drying at 300ºC. This is probably due to the removal of adsorbed compounds at higher drying 

temperature. The membrane has approximately the same permeance of helium at P/P = 0.01 

for all drying temperatures. This indicates that no defects were formed when the membrane 

was dried at high temperature. 

 

Table 5. Difference in He permeance between P/P0 = 0 and P/P0 = 0.01 for MFM-1 

 Permeance ·107  
[mol s-1 m-2 Pa-1] 

 

Drying 
Temperature 

(ºC) 
P/P0 = 0 P/P0 = 0.01 %Diff

150 5.94 0.13 97.86 
200 8.29 0.16 98.08 
250 8.08 0.16 98.04 
300 12.72 0.19 98.49  
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Figure 18 shows the porosimetry data obtained for MFM-4 when the film was dried at 

150 and 300ºC.  
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Figure 18. n-Hexane porosimetry for sample MFM-4. The porosimetry 

was carried out after drying at 150, 300ºC consecutively. 

 

Table 6 shows the difference in helium permeance when the partial pressure of n-hexane 

varies from 0 to 0.01 for MFM-4. 

 

Table 6. Difference in He permeance between P/P0 = 0 and P/P0 = 0.01 for MFM-4 

 Permeance ·107  
[mol s-1 m-2 Pa-1] 

 

Drying 
Temperature (ºC) P/P0 = 0 P/P0 = 0.01 %Diff 

150 6.76 0.13 98.10 
300 18.05 0.21 98.84  

 

For both drying temperatures the film is of high quality. The helium permeance 

increases from 6.76·10-7 to 18.05·10-7 mol m-2 s-1 Pa-1 when the drying temperature increases 

from 150°C to 300°C, obtaining similar results than MFM-1. 

So, it is showed that it was possible to obtain high quality membranes by using EFM-2 

as synthesis solution. For this reason, the EFM-2 synthesis solution was used for further 

investigations in this work. Different synthesis procedures were studied to improve the film 

properties. 
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5.5 Rinsing procedures 
 

5.5.1 Rinsing with a 0.1M NH3 solution 
The samples were prepared following the same procedure and only the duration of the 

rinsing with 0.1M NH3
 solution varied. MFM-4 was rinsed 18 hours whereas MFM-12 was 

rinsed 1 week.  Both samples were then rinsed for a week in methanol. 

Figure 19 shows the n-hexane porosimetry data and the of 50/50vol% CO2/CH4 binary 

mixture separation selectivity for membranes MFM-4 and MFM-12. The membranes were 

dried at 150ºC overnight with CO2. 
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Sample Selectivity 

MFM-4 1.436 
MFM-12 1.163 

 

Figure 19. n-Hexane porosimetry and  50/50vol% CO2/CH4 separation selectivity for MFM-4 

and MFM-12 dried at 150ºC. 

 

 

MFM-4 is of high quality and virtually free from defects. The helium permeance drops 

from 6.75·10-7 to 0.13·10-7 mol m-2 s-1 Pa-1 when the partial pressure of n-hexane is increased 

from 0 to 0.01. Thus, about 98% of the helium permeance is passing through zeolite pores. 
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On the contrary, when the sample was treated one week with 0.1M NH3 solution, more 

defects were formed as indicated by the porosimetry pattern. The helium permeance drops 

when the partial pressure of n-hexane is increased from 0.025 to 0.85 which indicates a broad 

distribution of defects. The CO2 selectivity is lower for MFM-12 since large defects are 

detrimental for the separation performance of the membrane. Figure 20 shows the comparison 

of top view SEM images of MFM-4 and MFM-5 (treated in the same way as MFM-12) that 

confirms the formation of cracks on the surface after long rinsing with 0.1M NH3 solution. 

 

 
Figure 20. Top view SEM images of MFM-4, (a) and MFM-5, (b). 

 

Thus, it was found that the amount of defects increased with longer rinsing with a 0.1M 

NH3 solution. 

 

5.5.2 Rinsing with water 
MFM-11 and MFM-13 was rinsed in distilled water for 24h and 1 week respectively. 

The porosimetry patterns are given in Figure 21. According to porosimetry MFM-11 is of 

higher quality than MFM-13. 

The data suggests that MFM-13 has a large amount of large defects. The reason may be 

that the long rinsing with distilled water dissolved parts of the crystals in the film. 

Consequently, it is not possible to separate the CO2/CH4 mixture and the selectivity has a 

value close to 1 as indicated in the table. It was found that longer rinsing with water is 

detrimental for the membrane quality. 
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Figure 21. n-Hexane porosimetry pattern and CO2 selectivity for MFM-11 and MFM-13 

dried at 150ºC. 

 

5.5.3 Comparison of rinsing with 0.1 M NH3 solution and distilled water 
The comparison is based on membranes obtained by short rinsing procedures. MFM-4 

was rinsed for 18 hours with diluted ammonia solution and MFM-11 was rinsed for 24 h with 

distilled water. According to the porosimetry pattern (see Figure 19 and Figure 21), both 

membranes have about the same helium permeance, i.e. 7·10-7 mol m-2 s-1 Pa-1. The amount of 

defects in MFM-4 is slightly lower than for MFM-11. However, according to the separation 

performance the water rinsing yielded a better membrane. Thus the small difference in the 

amount of defects may not influence the separation performance significantly.  

 

5.5.4 Ion Exchange 
The effect of K+ ion exchange on the CO2/CH4 separation selectivity was investigated 

by Hasegawa et.al. [21]. In this work MFM-7 was ion exchanged with a 0.1M KCl in water 

solution in order to increase the separation performance factor of the CO2/CH4 binary 

mixture. 

Figure 22 shows the n-hexane porosimetry data and the separation selectivity of MFM-7 

and MFM-4 as a reference. MFM-7 has a few large defects and 79% of the helium permeates 

through zeolite pores. However, MFM-7 is 1.9 times more CO2 selective than MFM-4, 

although the film is deteriorated by a few large defects. This increase in selectivity could be 

explained by a significantly favored transport of CO2 with the introduction of K+ in the pores. 
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Figure 22. n-Hexane porosimetry and CO2 selectivity for MFM-7 and MFM-4 as a reference. 
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6 Conclusions 
Several parameters affecting the properties of FAU membranes have been investigated 

in this work. 

The influence of the synthesis solution composition on membrane quality was studied 

and EFM-2 was identified as the most appropriate solution. The comparison was based on the 

synthesis time and the quality of the membranes according to SEM and porosimetry. It was 

demonstrated that no extra crystals, cracks or pinholes were formed by using the EFM-2 

synthesis solution. High quality membranes were obtained, since 98.8% of the helium 

permeance at P/P0 = 0 occurred via micropores when the membrane was synthesized using the 

EFM-2 solution and dried at 300ºC. 

Single seeding procedure is sufficient to achieve complete coverage of the support. It 

was also concluded that the age of the polymer solution (4 months) does not affect to the 

quality of the seeded support.. 

It was observed that extensive rinsing in several common rinsing solutions, such as 

ammonia and water may reduce the quality of the membrane by increasing the amount of 

defects.  

The CO2 selectivity for the CO2/CH4 binary mixture of was improved by ion-

exchanging the membranes with K+. The CO2 selectivity was increased by a factor of 1.9 

when the membrane was ion-exchanged. 
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7 Recommendations for future Work 
 

Future work will be based on how various parameters affect the properties of FAU 

membranes. Additional investigations about the formation of extra crystals obtained in some 

samples should be made. Parameters affecting to the reproducibility of the samples should 

also be performed. 
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10 Appendix 
 

All the procedures carried out during the work are collected in subsequent tables. 

 

MFM-1 
Synthesis: 
FAU-1 → 2h 30 min 
 
Rinsing: 
18h in 0.1M NH3 solution 
1 week in methanol 
 
Tests: 
- Porosimetry (progressive T: 150, 200, 250, 300ºC) 
- Separation 100ºC (dried at 300ºC) 
 
 
 

MFM-4 
Synthesis: 
EFM-2 → 1h 20 min 
 
Rinsing: 
18h in 0.1M NH3 solution 
1 week in methanol 
 
Tests: 
- Porosimetry (progressive T: 150 and 300ºC) 
- Separation 100ºC (dried at 300ºC) 
- Porosimetry 300ºC 
 
 
 

MFM-5 
Synthesis: 
EFM-2 → 1h 20 min 
 
Rinsing: 
1 week in 0.1M NH3 solution 
1 week in methanol 
 
Tests: 
- Separation at room T (dried at 300ºC) 
- Porosimetry 300ºC 
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MFM-6 

Synthesis: 
EFM-2 → 1h 20 min 
 
Rinsing: 
1 week in 0.1M NH3 solution 
24h in 0.1M KCl 
24h in water 
1 week in methanol 
 
Tests: 
- Separation 25ºC (dried at 150ºC) 
- Porosimetry 150ºC 
 
 
 

MFM-7 
Synthesis: 
EFM-2 → 1h 20 min 
 
Rinsing: 
24h in 0.1M NH3 solution 
24h in 0.1M KCl 
24h in water 
1 week in methanol 
 
Tests: 
- Separation 25ºC 
- Porosimetry 150ºC 
 
 
 

MFM-11 
Synthesis: 
EFM-2 → 1h 20 min 
 
Rinsing: 
24h in water 
1 week in methanol 
 
Tests (both in the separation. unit): 
- Separation 25ºC (dried at 150ºC) 
- Porosimetry 150ºC 
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MFM-12 

Synthesis: 
EFM-2 → 1h 20 min 
 
Rinsing: 
1 week in water 
1 week in methanol 
 
Tests (both in the separation. unit): 
- Separation (dried at 150ºC) 
- Porosimetry (dried at 150ºC) 
 
 
 

MFM-13 
Synthesis: 
EFM-2 → 1h 20 min 
 
Rinsing: 
1 week in water 
1 week in methanol 
 
Tests (both in the separation. unit): 
- Separation (dried at 150ºC) 
- Porosimetry (dried at 150ºC) 
 

 




