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Abstract 

ABSTRACT 

Hydroxysodalite and MFI are zeolites that consist of crystalline (tecto)aluminosilicates and 

silicates with specific aperture sizes. Zeolite membranes are suited for any process requiring 

separation on a molecular level (molecular-sieving effect) or based on their selective sorption 

properties due to their hydrophilic/hydrophobic nature. Zeolites are stable in harsh physical 

(pressure and temperature) and chemical environments. By synthesising a zeolite 

membrane, the unique characteristics can be combined and used for specific separations in 

a continuous process. 

The objective of this study was to synthesise thin hydroxysodalite and high silica MFI 

membranes by crystallising the zeolite as a continuous and defect-free intergrown layer onto 

the surface of a tubular a-alumina support using a conventional oven by varying different 

synthesis parameters and to characterise these membranes with SEM, elemental analysis, 

XRD and single gas permeations. 

An in situ hydrothermal technique was used to crystallise hydroxysodalite and MFI layers 

onto the tubular a-alumina support using a conventional oven. With hydroxysodalite three 

molar oxide ratios were investigated, while with MFI two silica sources, namely fumed silica 

and TEOS, were investigated. The crystallisation of these two zeolites was related to various 

synthesis parameters such as the water content, precursor ageing periods, synthesis time 

and temperature. After obtaining closed membranes, the membranes were characterised. A 

study of the structure, chemical composition and the compactness of the zeolite layer was 

necessary to determine the quality of the membrane in terms of its structure related 

parameters using SEM, elemental analysis and XRD. Single gas permeations were used to 

determine the permeation related parameters, thus obtaining the selectivity of the 

membrane. 

The synthesis parameters had different effects on the zeolite membranes, depending on the 

molar oxide ratio and chemicals used during the synthesis. With hydroxysodalite, the 

amount of water had an influence on the degree of contamination by other zeolite phases, 
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Abstract 

while for the MFI membrane it had an influence on the degree of intergrowth between 

individual zeolite crystals, and on nucleation. For both zeolite membranes, an increase in the 

synthesis time lead to increased crystal growth. By varying the ageing time of the precursor 

solution, it was possible to control the ratio of homogeneous versus heterogeneous 

nucleation and limit secondary nucleation when synthesising MFI membranes. Decreasing 

the synthesis temperature for MFI limited secondary nucleation. For the MFI membranes the 

template combination of TPAOH and TPABr lead to an increased crystal growth. The silica 

source had a significant influence on the crystal size and crystal size distribution. Fumed 

silica had a single crystal size distribution, while TEOS had a wide crystal size distribution. 

The hydroxysodalite and the two high silica MFI membranes synthesised had good integrity. 

Hydroxysodalite had an ideal selectivity for He/N2 above Knudsen selectivity, even though 

there were intercrystalline pores due to the high aluminium content. The high silica MFI 

(fumed silica) membrane had an ideal selectivity for n/7-butane of 433 at 333 K and 1.0 bar 

transmembrane pressure, while the high silica MFI (TEOS) membrane exhibited an ideal 

selectivity for n/7-butane of 327 at 378 K and 0.5 bar transmembrane pressure. The ideal 

selectivities of the high silica membranes MFI membranes compared well with to literature 

values. 

The permeances of all the gases through the hydroxysodalite membrane were higher than 

through the two MFI membranes. This higher permeance was due to the higher aluminium 

content of the hydroxysodalite membrane, which lead to a higher concentration of 

intercrystalline pores. Regarding the MFI membranes, the permeances of the gases through 

the TEOS membrane were higher than through the fumed silica membrane. Due to the 

higher ideal selectivity of fumed silica membrane, it was clear that it had a better integrity due 

to a lower aluminium content. The permeance through the hydroxysodalite membrane was 

higher than that reported in literature, while the permeance through the two high silica MFI 

membranes correlated well with that in literature. 

Two framework type zeolite membranes were synthesised on tubular a-alumina supports, 

namely hydroxysodalite and high silica MFI. The membranes had good integrity, which was 

reflected in the high average selectivity and flux values obtained for different gases, under 

various conditions. 
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Uittrebsel 

UITTREK5EL 

Hidroksisodaliet en MFI is zeoliete en bestaan uit kristallyne (tekto)aluminosilikate en silikate 

met spesifieke poriegroottes. Zeoliete kan mengsels op 'n molekulere vlak skei asook 

skeidings bewerkstellig wat gebaseer is op die selektiewe sorpsie-eienskappe van die 

zeoliete as gevolg van die zeoliet se hidrofiliese/hifrofobiese aard. Zeoliete is stabiel in 

fisiese (druk en temperatuur) en chemiese omgewings. Deur die sintese van 

zeolietmembrane kan die unieke eienskappe saamgevoeg word vir spesifieke skeidings in 'n 

kontinue proses. 

Die doel van die studie was om dun hidroksisodaliet en hoe silika-inhoud MFI membrane wat 

kontinu en defekvry is op 'n buisvormige keramiekondersteuner te kristalliseer deur 'n 

konvensionele oond te gebruik. Om hierdie doel te bereik, is verskillende sinteseparameters 

gevarieer. Die volgende doel was om hierdie membrane te karakteriseer deur SEM, 

elementanalise, X-straaldiffraksie en enkelgaspermeasies. 

'n Hidrotermiese tegniek is gebruik om die hidroksisodaliet en MFI as 'n membraan op 'n 

buisvormige keramiekondersteuner te kristalliseer deur 'n konvensionele oond te gebruik. 

Vir hidroksisodaliet is drie molere oksiedverhoudings ondersoek en vir MFI is twee 

verskillende silikabronne ondersoek, naamlik damp-vervaardigde silica en TEOS. Die 

invloed van verskeie sinteseparameters is ondersoek, naamlik die waterinhoud, veroudering 

van die mengsel, sintesetyd en -temperatuur. Na die sintese van die optimiseerde 

membrane, is die kristalstruktuur en -orientasie en die chemiese samestelling van die 

zeolietfilm deur skandeerelektronmikroskopie (SEM), elementanalise en X-straaldiffraksie 

gekarakteriseer. Enkelgaspermeasie is gebruik om die parameters wat permeasie bepaal te 

karakteriseer en sodoende die ideale selektiwiteit van die membrane vir gasse te bepaal. 

Die sinteseparameters het die drie zeolietmembrane verskillend beTnvloed, afhangende van 

die molere oksiedverhouding en die chemikaliee wat tydens die sintese van die membrane 

gebruik is. Vir hidroksisodaliet het die waterinhoud die hoeveelheid kontaminasie met ander 

zeolietfases beTnvloed, terwyl die waterinhoud die graad van intergroei van die individuele 

VII 



Uittrebsel 

kristalle en nukleasie in MFI bei'nvloed het. Vir albei membrane het 'n langer sintesetyd tot 'n 

toename in kristalgroei gelei. Met 'n variasie in die verouderingstyd van die sintesemengsel 

kon homogene en heterogene nukleasie beheer en vir MFI kon die sekondere nukleasie 

verminder word. Deur die sintesetemperatuur vir MFI te verlaag, kon die sekondere 

nukleasie verminder word. Vir MFI het die templaatkombinasie TPAOH en TPABr die 

kristalgroei vermeerder terwyl die twee verskillende silikabronne 'n groot invloed op 

kristalgrootte en kristalgrootteverspreiding gehad het. Damp-vervaardigde silika het 'n 

enkele kristalgrootteverspreiding gelewer terwyl TEOS 'n wye kristalgrootteverspreiding 

gehad het. 

Sowel die hidroksisodaliet as die twee hoe silika-inhoud MFI-membrane het goeie integriteit 

gehad. Hydroksisodaliet het 'n hoer ideale selektiwiteit vir He/N2 gehad as Knudsen 

selektiwitet, ten spyte van interkristallyne poriee as gevolg van die hoe alumina-inhoud. Die 

hoe silika-inhoud MFI-membraan (damp-vervaardigde silika) het 'n ideale selektiwiteit gehad 

van 433 vir n/7-butaan by 333 K en 1.0 bar transmembraandruk, terwyl die hoe silika-inhoud 

MFI-membraan (TEOS) 'n ideale selektiwiteit van 327 vir n-/-butaan by 378 K en 0.5 bar 

transmembraandruk gehad het Die ideale selektiwiteit van die twee MFI-membrane was 

vergelykbaar met data uit die Iiteratuur. 

Die permeasie van al die gasse deur die hidroksisodalietmembraan was hoer as deur die 

twee hoe silika-inhoud MFI-membrane. Die hoer permeasie is as gevolg van die groter 

hoeveelheid alumina in die kristalstruktuur wat meer interkristallyne poriee tot gevolg het as 

by die MFI-membrane. Die hoe silika-inhoud MFI-membraan (damp-vervaardigde silika) het 

'n hoer ideale selektiwiteit gehad as gevolg van beter integriteit omdat die membraan 'n laer 

inhoud alumina gehad het. Dus was die permeasie deur hierdie membraan stadiger. Die 

permeasie deur die hidroksisodalietmembraan was hoer as die in die Iiteratuur terwyl die 

permeasie deur die twee hoe silika-inhoud MFI-membrane vergelykbaar was met data in die 

Iiteratuur. 

Twee raamwerk-tipe zeoliete, naamlik hidroksisodaliet en hoe silika-inhoud MFI, is op 

buisvormige keramiekondersteuners gekristalliseer. Hoe kwaliteit membrane is op hierdie 

manier verkry, soos weerspieel in die hoe selektiwiteits- en flukswaardes wat vir verskeie 

gasse onder verskillende toestande gemeet is. 
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Introduction 

CHAPTER 1 
INTRODUCTION 

1.1 Background 

Membrane technology is a clean and energy efficient technology. A membrane is a 

permselective barrier between two homogenous phases and can be used for a variety of 

industrial separation processes. Inorganic membranes have unique thermal, structural and 

chemical stabilities and therefore potential applications in high temperature and high 

pressure separation, filtration and catalytic membrane reactors and processes1. Inorganic 

membranes can be divided into porous inorganic membranes and dense membranes. 

Porous membranes, such as alumina have high permeances but low separation selectivities. 

On the other hand dense membranes, such as palladium alloys have low permeances and 

high selectivities2. Zeolites membranes have the potential to exhibit both high separation 

selectivities and high permeances when supported on an appropriate support. 

Zeolites are microscopic crystals composed of a covalently bonded array of oxygenated 

tetrahedral atoms such as Si and Al. This three-dimensional network forms channels and 

since zeolites are crystalline structures, each zeolite type has a very specific pore size, which 

makes them ideally suited for any process requiring separation on a molecular level 

(molecular-sieving effect). Zeolites are also able to separate a mixture based on their 

selective sorption properties due to their hydrophilic/hydrophobic nature. General scientific 

and industrial applications for zeolites are as molecular sieves, adsorbents (separation), ion 

exchangers and catalysis3. 

The two zeolites of interest in this study were hydroxysodalite and MFI (MFI is a framework 

type). Hydroxysodalite membranes are new zeolite membranes as there have only been 

three publications on the synthesis of this membrane to date and two of the membranes 

were synthesised using a microwave oven. Hydroxysodalite is a hydrophilic 

(tecto)aluminosilicate zeolite with an aperture size of ~2.8 A. A possible application for this 

membrane is related to one of the most important chemical processes in South-Africa, 
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namely the Fischer-Tropsch reaction (SASOL) which is used to manufacture petrol from coal. 

Using a molecular membrane, water (2.7 A) could be removed from the Fischer-Tropsch 

reaction (CO + H2 «-»■ CH4 + H20), favouring the formation of syngas which is necessary for 

the production of petrol. Due to hydroxysodalite membrane's small pore size, it should be 

able to separate smaller molecules, such as helium and hydrogen, from a gas or liquid 

mixture, better than zeolites with larger pore sizes4. 

Other applications for hydroxysodalite membranes are the removal of organic compounds 

from aqueous solutions such as the recovery of valuable organic products, the recycling 

process of water and the treatment of waste water through pervaporation5. Pervaporation is 

a cheaper separation technique than many conventional separation methods such as 

distillation which is neither suitable nor economically viable for low organic concentrations, 

thermally sensitive compounds or azeotropes. Pervaporation results in energy cost savings 

due to its high separation efficiency and flux rates8' 7. 

MFI membranes can either be an all silica membrane, namely silicalite-1 or an aluminium 

rich ZSM-5 membrane. Silicalite-1 is a hydrophobic, non-polar zeolite with a aperture size of 

5.5 x 5.6 A, while ZSM-5 is a hydrophilic zeolite with catalytic ability and an aperture size of 

5.1 x 5.5 A. Silicalite-1 membrane separations have not yet been commercialized8, but MFI 

membrane separations are becoming increasingly important in many petrochemical, 

pharmaceutical and electrochemical industries9. Continuous separations would be possible 

when using molecular sieve membranes, where zeolites powders are currently used10. As 

an example, a membrane would be capable of selectively extracting organic molecules from 

industrial process streams based on molecular size and hydrophobic affinity. Another direct 

example is the continuous recovery of ethanol from a fermentation broth, providing an 

economically attractive alternative to the energy-intensive distillation techniques currently 

used in the production of this commodity pharmaceutical chemical. MFI membranes have 

been successfully used for the separation of acetic acid-water mixtures with pervaporation 

(acetic acid is an important intermediate in the chemical and food industries)11. An example 

of the use of high purity acetic acid is found in the production of terephthalic acid and butane-

diol (water content below 5 wt.%). A large amount of energy is consumed during distillation 

in comparison to pervaporation12. A hybrid of distillation and pervaporation could reduce the 

amount of energy consumed. ZSM-5 is stable against most acids, has catalytic activity and 

ion exchange properties due to the alumina content13. Examples of the application of the 

catalytic activity of ZSM-5 are the in inorganic reactions such as oxidation of H2S and CO, 

C0 2 hydrogenation and also hydrocarbon conversions such as cracking, hydrocracking and 
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isomerisation14. ZSM- 5 has a high selectivity for NH4
+ and can be used to reduce it to non-

toxic levels13 through ion exchange. Another possible application of MFI membranes is the 

adsorption of nitrogen oxides from exhaust gases of the engines of vehicles and industrial 

boilers that cause air pollution and acid rain16. 

Based on the novel and interesting possible applications of both hydroxysodalite and MFI, it 

is clear that further research in this field is necessary and very important for the development 

in this field. 

1.2 Aims and objectives 

The objective of this study was to synthesise thin hydroxysodalite and high silica MFI 

membranes by crystallising the zeolite as a continuous and defect-free intergrown layer onto 

the surface of a macroporous a-alumina support using a conventional oven and 

characterising these membranes with SEM, elemental analysis, XRD and single gas 

permeations. 

Starting with a specific molar oxide ratio various synthesis parameters were investigated, 

namely the water concentration, precursor ageing periods, synthesis time and temperature. 

After obtaining a continuous and defect-free hydroxysodalite and MFI membranes, the 

membranes were characterised using scanning electron microscopy (SEM), element 

analysis and X-ray diffraction analysis (XRD). The membranes were examined using SEM to 

establish the degree of heterogeneous surface coverage and layer properties (thickness, 

continuity and defects). The Si/AI ratio of the membranes was determined with elemental 

analysis, while a XRD of both hydroxysodalite and MFI membranes confirmed the zeolites 

type and other possible crystalline contaminants. The integrity of the zeolite membranes was 

tested with single gas permeation using He, N2, n-butane, /-butane and SF6 at three 

temperatures and three trans-membrane pressures. 
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CHAPTER 2 

ZEOLITES 

2.1 Background 

Zeolites are crystalline (tecto)aluminosilicates or silicates with a microporous structure1, 2 that 

consist of a three-dimensional network of Si04 and AlCu that are linked to each other by 

shared oxygen atoms. The anion network forms cages or cavities that can be connected to 

form a defined size and shape pore opening.3 Each zeolite type has a very specific pore 

size, which together with its specific hydrophylicity/hydrophobicity makes them suitable to 

separate different components from a mixture. Zeolites are used as molecular sieves4, 

catalysts4 and membranes4. A very well known application entails the separation of 

azeotropes, for example water and ethanol using pervaporation5. Due to their multifaceted 

properties, zeolites can be used as membrane catalysts thus combining catalysis and 

separation. This dual functionality could for example find an application in the Fischer-

Tropsch process (SASOL) which is used to manufacture petrol from coal, which is one of the 

most important chemical industries in South-Africa. 

According to literature there are 46 known zeolite minerals in nature and more than 150 

synthesised zeolites6. When mineralising an aqueous solution with a solid aluminosilicate, a 

natural zeolite is formed. The four factors governing the formation of natural zeolites are: 

• The composition of the host rock and interstitial solution, 

• pH(~10), 

• the time (thousands of years) and 

• the temperature (<100 °C)7. 

The laboratory synthesis method was initially developed by duplicating the synthesis 

conditions of a natural zeolite. The hydrothermal synthesis at high pH (>14 for 

aluminosilicates) and temperature lead to smaller and less perfect crystals than those found 

in nature6. However, the process involved in the transformation of a precursor solution into 
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crystals, denoted as zeolitisation, is a complex chemical process. Most of the synthetic 

zeolite syntheses occur at non-equilibrium conditions and initially consist of meta-stable 

phases at supersaturated conditions6. 

2.2 Composite zeolitic-ceramic membranes 

Most membrane related research on zeolites has focused on composite membranes 

consisting of a support coated with the zeolite. The three most used techniques to prepare 

composite zeolite membranes are: 

• direct in situ crystallisation, 

• seeding-assisted crystallisation and 

• dry gel conversion8. 

A schematic diagram illustrating the manufacture of the composite zeolite membrane.for 

these three methods is presented in Figure 2.1: 

Hydrothermal treatment 

D D D D . D D D D 

support 

Crystal growth 

T T 

Polymer facilitated seeding 

+ + + + + + + + + + 
support 

Polymer removal 

Di 

t 
p coating Di 

t support 
synthesis gel 

Steam treatment 

water + template 

After synthesis 

(a) 

Hydrothermal treatment 

crrrrrro 
(b) 

After dgc 

ro 

Figure 2.1: The three most used techniques to prepare composite zeolite membranes 
are (a) direct in situ crystallisation, (b) seeding-assisted crystallisation, (c) dry gel 
conversion (dgc) (adapted from8). 
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2.2.1 Direct in situ crystallisation 

During direct in situ crystallisation (see Figure 2.1a) the precursor mixture consists either of a 

clear solution or an aqueous sol-gel system. The support positioned in the precursor mixture 

is placed in an autoclave that is heated to the specific crystallisation temperature, which is 

dependant on the type of zeolite required. Nucleation and crystallisation occurs concurrently 

on the support surface, implying that the zeolite is directly grown onto the support9' 10 either 

by direct crystallisation or from a gel layer initially formed on the support from which 

crystallisation grows in both directions. 

2.2.2 Seeding-assisted crystallisation 

During seeding-assisted crystallisation, colloidal sub-micron-sized zeolite seed crystals are 

attached to the support prior to the hydrothermal synthesis (described in 2.2.1). In the 

example presented in Figure 2.1 b the seeds (—) are attached through the use of a cationic 

polymer (+ + +). In this case, the polymer must first be burned out, before the hydrothermal 

synthesis. 

There are four methods generally used to seed a support8: 

• Seeding in a two-step crystallisation 

• External seeds synthesis and attachment using zeta potential differences 

• External seeds synthesis and attachment using cationic polymers 

• External seeds synthesis and attachment using physical coating 

2.2.2.1 Seeding in a two-step crystallisation 

During two-step crystallisation a synthesis solution in the presence of the support is 

hydrothermally treated in the first step to form seed crystals on the surface of the support. 

During the second step, the support is treated for a second time using a fresh precursor 

solution. Vroon et a/.11 for example, first prepared seed crystallites with a size of 275-700 nm 

with a high concentration precursor mixture at low temperatures. Subsequently, a 

continuous zeolite layer was formed with a thickness between 2-7 \im forms, when repeating 

the crystallisation with a fresh precursor mixture with the same molar oxide ratio as before at 

higher temperatures. A separation factor of 50 was obtained for n/i-butane at 298 K. 
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2.2.2.2 Synthesis of seeds externally and attachment using zeta potential differences 

Studies by Tsapatsis et al.12'13'14 demonstrate this technique for making MFI zeolites. In the 

first step the Al203 support is brought into contact with a solution of pure Si02 seeds at a pH 

of 8. The silica seed crystals are electrostatically attached to the Alz03 support, due to the 

opposite zeta potential on the surface of the alumina and silica. A continuous zeolite layer 

with preferred orientation is formed upon the following hydrothermal treatments. 

2.2.2.3 Synthesis of seeds externally and attachment using cationic polymers 

Hedlund et a/.1s developed a practical two-step seeding method for the crystallisation of a 

thin (<100 nm) MFI zeolite layer onto a support. The first step is to absorb a monolayer of 

colloidal seeds onto the support using a cationic polymer (see Figure 2.1b). Thermal 

decomposition is used to remove the polymer from the support. In the second step a 

continuous layer can be grown through a hydrothermal treatment with a diluted precursor 

mixture. The same technique was used by Mintova et a/.16'17 

2.2.2.4 Synthesis of seeds externally and attachment using physical coating 

The rubbing of commercial X- or A- type zeolites onto an a-alumina support surface 

represents a simple but effective method to seed a support18. A closed membrane is 

obtained after one or more hydrothermal treatments. 

2.2.3 Dry gel conversion 

Bibby and Dale19 were the first to synthesise a zeolite from a non-aqueous system. When 

using ethylene glycol, water as a solvent is not necessary for crystallisation. In this 

technique (Figure 2.1c), a dry gel is deposited onto the surface of the support by mechanical 

infiltration of the gel into the subsurface of the pore structure of the support. After the gel is 

dried, the dry gel is transformed in a steam atmosphere containing template molecules into a 

continuous zeolite membrane with no free crystals found. 
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2.3 Zeolite synthesis variables 

In Figure 2.2 a flow diagram is presented indicating the most important steps and parameters 

involved during the synthesis and characterisation of a zeolite coated composite membrane. 

Reagents 

pH 

T 
Reactants mixing 

and aging 

Support 

Reaction vessel 

Molar composition Molar composition 

Nucleation and 
crystal growth 
Nucleation and 
crystal growth 

1 
Temperature 

and time 
— ► Washing and drying Temperature 

and time 
Temperature 

and time 
SEM 

T ^ 

SEM 
T ^ 

Chara cterise XRD 

1 ' 

Pervaporation 

1 ' Gas permeation 
Optimisation 

Gas permeation 

Figure 2.2: Flow diagram of the steps required and the variables influencing the 

synthesis of zeolite membranes. 

2.3.1 Molar composition 

The starting point of any zeolite synthesis is the determination of the molar oxide ratio for a 

specific zeolite type and the reagents available. The hydrogel's chemical composition is 

expressed in a conventional way in terms of a molar oxide ratio, for example: n Si02: n Al203: 

n H20. From the molar oxide ratio a calculation is done to determine the amount of reagents 

needed for the synthesis of a specific zeolite. As previously discussed, the Si and Ai species 

are the building units of zeolites, and the reagents must thus contain the Si and AI species. 

A variation of the molar oxide ratio has a great influence on the crystallisation process at the 

level of the nucleation and crystallisation kinetics, the quality of the crystallisation material, 

Chapter 2 10 



Zeolites 

the distribution and Al lattice content and the crystal morphology and size6. A ternary phase 

diagram illustrates the correlation between the reagent ratio of a synthesis mixture and the 

type of zeolite obtained20' 21' ^ 23 (Figure 2.3). 

SiO 

Na 2 0 A l 2 0 3 

Figure 2.3: Ternary phase diagram of the molar oxide ratios of some zeolite membrane 

types. (HS - hydroxysodalite; A - Sodium A; X - Sodium X; Y - Sodium Y; 
P - ZeOlite p)2°. 21. 22, 23 

According to the ternary phase diagram, it becomes for example clear that if there is an 

increase in the ratio of Si02, while the Al203/Na20 ratio stays the same, the zeolite phase 

changes from hydroxysodalite to sodium A. On the other hand, if there is an increase in the 

ratio of Al203, while the ratio of Si02/Na20 remains constant, the zeolite phase changes from 

sodium X to sodium A. It is thus evident that a small change in the molar oxide ratio of the 

zeolite phase can result in a completely different zeolite structure. 

2.3.2 Reactants 

After the molar oxide ratio is determined, a decision is to be made what reagents are needed 

for the synthesis of a specific zeolite. There are various sources on the market that can be 

used. In Table 2.1 a summary of what reagents are needed, their function and various 

sources that are found in the market is presented. 
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Table 2.1: The different roles of the reactants in the precursor solution7 

Sources Function Sources 

Si02 Primary building unit of the • Tetraethylortosilicate 

zeolite lattice. . . Colloidal silica 

• Fumed silica 

Al203 Building unit of the zeolite • Sodium aluminate 

lattice, cause of framework . Aluminum hydroxide 
charge. 

OH" Mineraliser and guest • Sodium hydroxide 

molecule. 

Alkali cation, template Counterion of AI02-and • Tetrapropylammonium 

guest molecule. hydroxide 

• Ethanol 

H20 Solvent. Distilled water 

The dissolution rate of the Si source has an influence on both the nucleation and the 

crystallisation rate thus favouring a distinct crystallisation24. Since very pure Al203 reagent 

consisting of small particles is difficult to dissolve, the Al source commonly contains 

impurities to improve its dissolution. When synthesising a zeolite membrane, the OH" ion 

acts as a mineralizing agent that helps to dissolve the Si and Al sources. The function of the 

template is to stabilize the zeolite framework by filling the void spaces. The templates that 

are commonly used are inorganic cations (alkaline or ammonium). Finally, water acts as a 

solvent, stabilising the porous structure, aiding with the disintegration of the Si and Al species 

while facilitating the transport and mixing of the solid components in the precursor solution7. 

Impurities, while sometimes necessary influence the crystal form25 and the chemical 

properties of the zeolite crystals26' 27' 28. 

2.3.3 pH 

The pH is determined by the reagents chosen. For the synthesis of most zeolites, however, 

the pH is between 8 and 126. The alkalinity plays a major role in solubilising the Si and Al 

species at an acceptable rate through hydrolysis. The pH determines the crystallisation rate 

which again has an influence on the crystal morphology. Furthermore, the pH influences the 

supersaturation and the kinetics of the zeolite synthesis. An increase in the pH leads to an 

accelerated crystal growth and a reduced induction time before applicable nuclei form6. 
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2.3.4 Reactants mixing and aging 

After the reagents and their molar oxide ratio has been selected and the best pH for a 

specific zeolite phase determined, the reagents are combined, mixed and aged. Aging is 

very important, as partial hydrolysis and depolymerisation of the Si and Al species occur 

during this period. The dissolution of the gel is promoted by the OH-coordination of silicon 

above four, thus weakening the other siloxane bonds to the gel network. This nucleophilic 

mechanism may occur via a SN2-type transition state as shown in Figure 2.429. 

OH"+si(OR)f 
'OR 

OH 

Ro-sr ' 
1 OR 

OR 

OH 

RO—si; 
-OR 

'OR 
OR 

OH 

RO— SI-"C°R 

I S*OR 

OR 

SI(OR)4 OH + RO 

Figure 2.4: Hydrolysis mechanism of a silicate specie at room temperature . 

Due to the presence of OH", aging is promoted by the alkaline conditions30. To improve the 

aging the solutions containing the Si- and Al- species are first aged separately before being 

mixed and aged again. It has been found that crystallisation of the zeolite crystals occurs 

more quickly at elevated temperatures after aging, than in a non-aged solution6. It is 

important to follow the same order of mixing while using the same mixing device to ensure 

repeatability of the pre-synthesis conditions of a zeolite. After the precursor solution is mixed 

and aged, a fixed volume is added to the support in a reaction vessel, prior to the 

hydrothermal treatment. 

2.3.5 Support 

Since flux and membrane thickness are inversely proportional, zeolite membranes are only a 

few micron thick and usually can not exist without a support, which means that zeolites are 

grown onto a support using one of the methods discussed in Section 2.2. There are different 

supports to choose from, for instance stainless steel supports31 with or without coating of 

T i0 2 or various kinds of alumina ceramic supports9' 10 (see Figure 2.5.). It is necessary that 

the surface of the support, to be coated with a zeolite, is smooth enough for a defect-free yet 

thin zeolite layer to be grown. Tubular ceramic supports are usually either made by 

centrifugal casting32 or extrusion33. The porous support must be stable throughout the 

crystallisation process and during the application of the composite membrane. Porous 
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ceramic supports are often used, because of their high thermal and chemical stability. A 

support can either be in a tubular of disk form. Another advantage of ceramic supports is 

that the differences of the thermal expansion coefficients are smaller for a zeolite ceramic 

composite than for a zeolite metal composite8. Tubular ceramic supports have a high 

mechanical stability as well as improved surface to volume ratio. 

Figure 2.5: An a-alumina support. 

2.3.6 Reaction vessel 

An appropriate reaction vessel must be selected for the synthesis which occurs at elevated 

temperatures and pressures6. A commonly used reaction vessel consists of a teflon insert 

and a stainless steel autoclave (see Figure 2.6). Since many precursor solutions are in a gel 

form, the autoclave is rotated during the hydrothermal treatment. For clear precursor 

solutions, the autoclave may remain stationary during hydrothermal treatment. The same 

reaction vessel should be used for every specific zeolite, as it seems that the reaction vessel 

develops a history. The nuclei that grow in the cavities of the telfon wall during the synthesis 

cause memory effects. Therefore, the teflon insert must be cleaned after each synthesis 

either with HF at room temperature or NaOH and water at the reaction temperature and time 

used for synthesis7. A clean teflon insert assists in the reproducibility of pure zeolite phase. 

Generally, the autoclave is filled with 30-70 volume % with the aged precursor solution34. 
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Figure 2.6: Stainless steel reaction vessels with a teflon insert. 

2.3.7 Nucleation and crystal growth 

When the aged precursor solution is in direct contact with the support in the autoclave, the 

hydrothermal treatment is commenced by heating the autoclave in a conventional (Figure 

2.7) or microwave oven. 

Figure 2.7: A conventional oven containing a rotatable reaction vessel. 

During the hydrothermal treatment crystallisation occurs. However, the process by which 

this crystallisation takes place is complex and occurs in a stepwise progression (Figure 2.8). 
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metastable phase 

stable phase 

Precursor 
solution 

hydrolyses condensation association precipitation 

Figure 2.8: Crystallisation steps during zeolite synthesis 

There are various steps that are necessary before nucleation occurs, namely hydrolyses, 

condensation, association and precipitation, which results in the formation of several 

structures before stable germ nuclei form35. When the hydrothermal treatment starts, there is 

an aqueous phase present between the dissolution of the dense gel and the growing of the 

crystallites. Hydrolyses of the hydrogel leads to the formation of monomers (tetrahedral 

monomefic species). Monomers are the primary building blocks of zeolites. Condensation 

reactions (see Figure 2.9) occur between the monomers and the crystal surface, for crystal 

growth, and also between monomers for the formation of small clusters (a cluster of 

monomers and secondary building units) and clathrates (the water molecules comprising a 

tetrahedral network in the first layer around the cation might be partly replaced by silicate and 

aluminate anionic tetrahedra7). In Figure 2.9 the nucleophilic deprotonated silanol group 

attacks the monomeric neutral specie29. 
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Figure 2.9: Condensation mechanism of a silicate specie at room temperature29. 

A temperature increase (up to 100 °C) leads to the formation of more monomers at the 

expense of clusters. The small clusters and clathrates associate to forms larger clusters. 

Subsequently, nucleation and crystal growth occurs due to the precipitation of monomers, 

and small and large clusters (see Figure 2.8)7. There is a spontaneous deposition of material 

onto the nuclei and larger crystallites form. It is assumed that both the nucleation and crystal 

growth exhaust the same precursor species. It is therefore expected that the nucleation rate 

reaches a maximum before it declines.. The crystal growth will limit the availability of the 

precursor solution for further nuclei formation. Two types of nucleation are usually observed, 

homogeneous (free crystal growth in the solution) and heterogeneous (crystal growth on the 

support) nucleation6. 

The following generalisations apply to nucleation during a zeolite synthesis: 

1. An increase in the metastability, i.e. the extent of undercooling leads to a rise in the 

nucleation rate. 

2. A ripening period is detected, especially in the condensed phases where there is no 

nucleation detected. 

3. The required incubation time can be changed by small changes in the molar oxide ratio. 

4. The onset of nucleation is dependent on the history of the previous system6. 

2.3.8 Temperature and time 

The increase in temperature of the mixture in the autoclave from ambient to reaction 

conditions results in: 

• An acceleration of the dissolution rate of the gel to monomeric Al and Si species 

• An increase in the concentration and activity of the species 

• An organization of the primary building blocks 
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• Homogeneous or heterogeneous nucleation 

• Precipitation in a crystallised form7 

Both Singh et a/.35 and Mintova et a/.36 illustrated that there is an increase in the 

crystallisation rate as the temperature is increased, with a corresponding decrease in the 

length of the induction time (Figure 2.10)35. 

{// no ■ / / / / *; . / / 
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0 10 20 30 
Time (hours) 

Figure 2.10: Crystallisation curves for ZSM-5 at 423 (•), 438 (x), and 453 (■) K using 

TPABr36 

As the time increases the crystallinity of the zeolite will increase at the cost of the amorphous 

material. During zeolite synthesis successive phase transformations occur according to the 

Ostwaid rule of successive phase transformation. The thermodynamically least favourable 

phase will crystallise first and in time convert to the more stable phase30. From the research 

done in our group a conclusion could be drawn that when the molar oxide ratio is on the 

borderline between hydroxysodalite and sodium A in the ternary face diagram (Section 

2.3.1), an increase in temperature will lead to the formation of hydroxysodalite instead of 

sodium A. 

2.3.9 Washing and drying 

The final step after the synthesis of a zeolite is washing by means of soaking and sonification 

usually with distilled water to neutralise the zeolite coating. The sonification accelerates the 

neutralising process. The zeolite is then air dried at room temperature. Some zeolites (for 

example silicalite-1), must be calcined to remove the template and thus free the void volume 

within the zeolite lattice. 
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2.4 Zeolite characterisation 

A study of the structure, chemical composition and the compactness of the zeolite layer are 

necessary to determine the quality of the membrane in terms of its structure related 

parameters. The permeance and ideal selectivity are used to determine the permeance 

related properties of the membrane. For the structure related parameter SEM and XRD are 

commonly used. Pervaporation and gas permeation are the methods of choice for 

determining the permeation related parameters8. 

2.4.1 SEM 

For a visual inspection of the zeolite membrane scanning electron microscopy (SEM) is used 

(see Figure 2.11). From a top and cross view one can obtain an indication of the shape and 

size of the crystals, the length (c-direction) to width (a- or b-direction) ratio can be determined 

and irregularities such as voids, cracks or inclusions can be identified. 

(b) 

Figure 2.11: Top (a) and cross view (b) of a hydroxysodalite membrane. 

2.4.2 XRD 

With X-ray diffraction (XRD) analysis the zeolite's structure, orientation and crystaliinity can 

be determined. Furthermore, an XRD gives an indication of purity of the zeolite, whether 

there is contamination, the degree thereof, and the zeolite phase that the sample might be 

contaminated with. 
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2.4.3 Pervaporation 

During pervaporation a membrane acts as a semi permeable barrier between a liquid feed 

phase and a gas permeate phase, which is attained by applying a vacuum on the permeate 

side. For characterisation purposes a binary mixture of EtOH and water is often used in the 

feed phase37. A typical setup for pervaporation is shown in Figure 2.12. 

Retentate 

Feed container 
with stirrer 

Diaphragm 
pump 

Permeate 

Cold trap 

Vacuum pump 

Figure 2.12: Schematic representation of a pervaporation setup using a tubular 

membrane. 

The pervaporation setup can be divided into three regions: 

• The feed section 

• The membrane module 

• The permeate system 

From the feed tank the binary mixture is pumped into the membrane. Across the membrane 

a vacuum is applied (the driving force). While the retentate is returned to the feed container, 

the permeated vapour is collected in a liquid nitrogen cold trap. The composition of the 

permeate is typically determined using GC analysis. 
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The flux and selectivity obtained give an indication of the performance and hence quality of 

the zeolite membrane. In pervaporation the selectivity is expressed in terms of the 

separation factor, which can be calculated using equation 2.1: 

where ya and yb are the permeate concentration of a and b (kg/m3) respectively, while xa and 

xb are the concentration of a and b in the feed. The higher the separation factor (>1) the 

better the quality of the zeolite membrane 

2.4.4 Gas permeation 

A qualitative identification of the molecular sieve and surface diffusion properties can be 

obtained by measuring single-component gas permeation as a function of temperature and 

pressure for different gases. Selectivity is usually based on a difference in kinetic diameter 

of the gas molecules and the hydrophilic/hydrophobic nature of the gas. The transport of 

gases through a membrane can be described by the Maxwell-Stefan equation (GMS) on the 

basis of the adsorption and diffusion of the gas phases38' 39. Both the adsorption and 

diffusion is dependent on the temperature, which leads to a maximum in the permeation flux 

if the heat of adsorption is more than the activation energy for diffusion40' 41. The occurrence 

of transport through defects and grain boundaries, apart from the transport through the 

zeolite pores, leads to an increase of the permeance which is dependant on the trans-

membrane pressure. When the intercrystalline diffusion dominates, the transport mechanism 

can be described by Knudsen diffusion resulting in an inverse temperature dependence i.e. 

as the temperature increases, the permeance decreases8. Therefore, by comparing the 

obtained ideal selectivity of gases to its theoretical Knudsen selectivity an indication of 

defects can be obtained. The flux (J) due to Knudsen diffusion can be calculated using the 

following equation (2.2)42: 

7t n r2 Dk Ap 
(2.2) 

R T x £ 

where n is the moles of gas, r is the pore radius (m), Dk is the Knudsen diffusion coefficient 

(m2/s), Ap is the pressure difference (Pa), R is the universal gas constant (J/mole.K), T is the 

temperature (K), T is the pore tortuosity and Z is the thickness of the membrane (m). 
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The Knudsen diffusion coefficient is calculated using equation 2.3: 

Dk=0.66 r 
8 R T 

7i IvL 
(2.3) 

where Mw is the molecular weight of the gas (kg/mol). The theoretical Knudsen selectivity 

(ocKn) is derived from the Knudsen diffusion equation and can be calculated from equation 

2.4: 

and a/b = 

N 

M„ 
(2.4) 

Mw 

where Mwb is the molecular weight of gas b and Mwa is the molecular weight of gas a. An 

ideal selectivity (Fa) for the membrane can be calculated from the ratios of permeability of 

the gases using equation 2.5: 

Fa = Px/Py (2.5) 

where Px is the permeance of gas x and Py is the permeance of gas y (mol/m .s.Pa). When 

similar conditions are used (loading, temperature and pressure), the Fa obtained for different 

membranes can be compared. 

2.5 Optimisation 

The most important variables involved during the optimisation of a zeolite membrane 

synthesis can be represented by the scheme in Figure 2.1343. Varying the three parameters 

presented in Figure 2.13 (gel composition, crystallisation conditions and support properties), 

zeolite membranes can be optimised. This optimisation entails that the zeolite layer has a 

homogeneous thickness and crystal size with a minimum amount of defects, i.e. maximum 

intergrowth. Optimising these properties should insure the best separation factor. 
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change form disk to a tubular 
support 

Figure 2.13: Different parameters to vary to optimise the zeolite membrane43. 

A change in the molar oxide ratio (gel composition) can change the zeolite phase and 

increase or decrease the purity of the zeolite membrane, while a study of the optimum 

synthesis temperature and time is necessary to optimise the crystallisation rate. The 

optimised crystallisation rate generally leads to a shorter synthesis time, which is 

economically more advantageous than longer synthesis times. A change in temperature can 

also change the zeolite phase. The support should also be chosen with care, as it can have 

a significant influence on the properties of the zeolite layer (see Section 2.3.5). 

To evaluate an optimised membrane the following characterisation techniques are commonly 

used8: 

• SEM to evaluate the structure related properties of the zeolite layer 

• XRD for the phase analysis of the zeolite structure 

• Permeance to evaluate permeation related properties of the zeolite layer. 

Variation of the 
crystallisation 

conditions 
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2.6 Conclusion 

Zeolites are (tecto)aluminosilicates or silicates with a unique crystalline structure. They have 

specific aperture sizes, and can be used as molecular sieves, to separate mixtures of which 

the individual components have kinetic diameters smaller and larger than the zeolites' 

aperture size. Selectivity is also based on the zeolite's sorption properties, based on the 

differences in the hydrophilic/hydrophobic nature of zeolites. 

The three commonly used techniques to synthesise zeolites are direct in situ crystallisation, 

seeding-assisted crystallisation and dry gel conversion. There are various steps involved in 

the synthesis of a zeolite membrane. These include the determination of the molar oxide 

ratio, the mixing and aging of the precursor solution and the subsequent hydrothermal 

treatment where the synthesis temperature and time are the most important variables. 

After zeolite manufacture, both the structure and permeation related properties of the zeolite 

have to be characterised. For a visual inspection of the zeolite membrane SEM is used. 

SEM can help in the determination of the shape and size of the crystals and to see if there 

are any irregularities such as voids, cracks or inclusions. With XRD analysis the zeolite's 

structure, orientation and crystallinity can be determined. The permeance and selectivity are 

used to determine the permeance related properties of the membrane. A qualitative 

identification of the molecular sieve and surface diffusion properties can be obtained by 

measuring for example the single-component gas permeation as a function of temperature 

and pressure for different gases, calculating the ideal selectivity and comparing the ideal 

selectivity to the Knudsen selectivity. 

Optimisation is essential to ensure the best possible membrane for the specific application it 

is intended for. By varying the different synthesis steps, the membrane.can be optimised in 

terms of the zeolite thickness and crystal size ensuring the best separation due to the 

minimising of defects. 
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CHAPTER 3 

DIRECT CRYSTALLISATION OF A 

HYDROXYSODALITE MEMBRANE ON AN 

a-ALUMINA SUPPORT 

3.1 Abstract 

During this study a double layer hydroxysodalite membrane was directly synthesised on a 

tubular a-alumina support using a conventional oven. The membrane was firmly bound to 

the support. Various synthesis parameters were optimised, namely water concentration, 

ageing period, synthesis time and temperature at three different molar oxide ratios. The 

water content played an important role in the degree of contamination of the membrane. 

The hydroxysodalite membrane was characterised by single gas permeations of He, N2, SF6, 

n-butane and /-butane. Permeance as a function of temperature and transmembrane 

pressure was investigated. The permeance of the three gases through the membrane 

decreased with increasing temperature, while the permeances remained constant with 

increasing transmembrane pressure. An ideal selectivity of 3.2 for He/ N2 was obtained at 

393 Kand 1 bar transmembrane pressure. 

3.2 Introduction 
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Hydroxysodalite is a dense phase zeolite. It is a hydrophilic (tecto)aluminosilicate with a 

Si/Al ratio of 1. It has six-membered rings with a pore size of 2.8 A (Figure 3.1), which is 

smaller than that of zeolites that have eight-membered rings, for example NaA which has a 

pore size of 4.1 A. The small pore size makes a hydroxysodalite membrane ideal for the 

separation of small molecules such as helium, hydrogen and water from gas or liquid 

mixtures. 

Figure 3.1: Framework of the zeolite hydroxysodalite1 

Hydroxysodalite powders can be synthesised from natural materials such as the 

conventional hydrothermal alkaline activation of diatomite2 or kaolites3 using NaOH as 

reagent. However, for membrane synthesis, hydroxysodalite cannot be synthesised from 

natural materials due to impurities requiring the use of laboratory synthesised chemicals. 

Hydroxysodalite, like most other zeolites, can be manufactured in a laboratory using a 

hydrothermal in situ crystallisation technique. 

In Table 3.1 an overview is given of the different methods currently available for synthesising 

hydroxysodalite membranes. The limited literature on hydroxysodalite membranes is due to 

the novelty of hydroxysodalite membranes. 

Table 3.1: Different methods for the synthesis of hydroxysodalite membranes 
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433-473 15-120 
Opt = 453 Opt = 60-90 
433-473 15-120 
433 30 
368 60 
368 45 
363 360 
373 720 

Molar oxide ratio Synthesis Reference 

Temperature Time 

(K) (min) 

5SiO2:1Al2O3:50Na2O:1000H2O (A) 

3.5Si02:1 AI2O3:50Na2O:1000H2O (B) 

0.85SiO2:1Al2O3:3Na2O:200H2O (C) 

5SiO2:1Al2O3:15Na2O:200H2O (D) 

5Si02:1 AI2O3:50Na2O:1 OOOH20 

5Si02:1 AI2O3:50Na2O:1 OOOH20 

1SiO2:1Al2O3:55Na2O:1000H2O 

Juble et al.A investigated four different molar oxide ratios (A, B, C and D - see Table 3.1). 

They used three layered asymmetric a-alumina tubular supports and a microwave oven for 

the hydrothermal treatment. When synthesising a membrane with molar oxide ratio (A) at 

low temperatures (433 K), a hydroxysodalite membrane was obtained with impurities of the 

Linde type A zeolite (LTA) as well as cancrinite (CAN). Increasing the temperature to 473 K 

favored the formation of CAN without any LTA present. A film of connected crystals (0.2-2 

jim) was obtained using the optimum synthesis conditions and molar oxide ratio (A). 

However, these conditions did not yield a closed membrane. In an attempt to obtain a 

closed membrane, they lowered the ratio of Si/AI (B), which however only favored the 

formation of CAN. Decreasing the Si02 to 0.85, Na20 to 3 and H20 to 200 moles in (C) lead 

to the formation of small crystals (100 nm). For the synthesis of the hydroxysodalite 

membrane with the molar oxide ratio D (decreased Na concentration and higher overall 

concentration compared to A), a seeding synthesis was used. With this method they 

obtained a hydroxysodalite membrane with crystal sizes ranging from 2.7-7 |im in diameter. 

It was only by combining the molar oxide ratio D with seeding that they were able to make a 

membrane with enough integrity for gas permeations studies. They obtained an ideal 

selectivity of 6.2 for He/N2at 388 K and a transmembrane pressure of 0.5 bars. 

Xu et a/.5 used the same molar oxide ratio as Juble et a/.4 (A), i.e. 

5SiO2:1Ai2O3:50Na2O:1000H2O and an a-alumina disk (polished with 700 grit sand paper 

and cleaned with deionized water using an ultrasonic cleaner) as the support for the 

membrane. They used a microwave oven for the hydrothermal treatment. The 

hydroxysodalite membrane was a conversion of sodium A (NaA) into pure hydroxysodalite 

with a thickness of 4jim. An ideal selectivity of > 1000 was obtained for H2//7-C4Hi0 at 1 bar 
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transmembrane pressure. Splitting the synthesis time of 45 minutes into multiple 3 x 1 5 

minutes syntheses only resulted in the formation of an unidentified phase (possibly NaZ-

21 )7. By changing the hydrothermal treatment from a microwave oven to a conventional 

oven and increasing the synthesis time from 45 to 360 minutes, a defective membrane was 

obtained consisting of hydroxysodalite, NaA and NaX. 

Kazemimoghadam et al.B made a membrane consisting of a mixture of hydroxysodalite and 

NaA using a molar oxide ratio of 1SiO2:1Al2O3:55Na2O:1000H2O and a mullite support. 

They used the membrane for pervaporation of water and UDMH (1,1-dimethylhydrazine) and 

obtained a separation factor of 10000. 

According to the available literature, only three hydroxysodalite membranes have been 

synthesised to date. Xu et al.5 obtained a pure hydroxysodalite membrane with a molar 

oxide ratio SiO2:1Al2O3:50Na2O:1000H2O, with an ideal selectivity of > 1000 for H2/C4H10 at 

1 bar transmembrane pressure. The membrane of Juble et al.4 had 10 % CAN impurities 

made from a molar oxide ratio of 5SiO2:1AI2O3:15Na2O:200H2O (D) yielded an ideal 

selectivity of 6.2 for He/N2 at 388 K and a transmembrane pressure of 0.5 bars. Finally 

Kazemimoghadam et aI.B manufactured a membrane consisting of a mixture of 

hydroxysodalite and NaA (the ratio is unknown) with which they obtained a separation factor 

of 10000 during the pervaporation of water and UDMH. 

In the present study an attempt was made to develop a defect-free, contaminant-free 

hydroxysodalite membrane on a tubular a-alumina support without any additional coatings 

on the ceramic using a conventional oven for the hydrothermal synthesis. To attain this, 

three different molar oxide ratios were investigated by varying hydrothermal parameters 

including the water concentration in each molar oxide ratio, precursor ageing periods, 

synthesis time as well as the synthesis temperature. An optimised membrane was 

evaluated through a study of single gas permeations using He, N2, SF6, n-butane and /-

butane. 
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3.3 Experimental 

3.3.1 Materials 

For the zeolite synthesis the following chemicals were used: sodium metasilicate 

(Na2Si03.5H20, BHD), sodium aluminate anhydrous (NaAI02, Riedel-de Haen), sodium 

hydroxide pellets (NaOH, Rochelle), sodium hydroxide pearls (NaOH, Merck) and deionized 

water. 

3.3.2 Methods 

3.3.2.1 Support 

An in-house manufactured a-alumina support (21 mm outer diameter, 18 mm inner 

diameter, 1.5 mm in thickness) with an average pore size of 167 nm and a porosity of 37 % 

was used for the zeolite synthesis. The tubular support was made by centrifugal casting. 

The external surface of the support was wrapped in PTFE tape to avoid contact with the 

precursor solution during the hydrothermal treatment. For the gas permeation experiments, 

the support was pretreated by irradiating the inner surface with UV light (HOK 4/120 [400 W] 

UV+IR Engineering) for 20 hours. 

3.3.2.2 Hydroxysodalite membrane synthesis 

Two zeolite precursor solutions were prepared consisting of the aluminate and silicate 

species. For the aluminate solution the NaOH (NaOH pearls were used for finer weighing) 

was weighed, the water added and after dissolution of the NaOH, the aluminate species was 

added to the solution. The same procedure was followed for the silicate species, i.e. the 

NaOH was weighed, the water added and after the dissolution of the NaOH, the silicate 

species was added to the solution. Both solutions were aged for a specific time period while 

stirring, before they were combined by drop wise adding the aluminate solution to the silicate 

solution. This first ageing period will be referred to as A1 . The mixture was aged (A2) again 

for a specific time period. After the ageing, 25 ml of the solution was poured into the reactor 

vessel containing the pretreated ceramic support. Occasionally, a third ageing step (A3) 

was included during which the reactor vessel containing the ceramic support and the 

precursor solution were rotated in the oven without heating. After ageing, the hydrothermal 
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treatment was initiated by increasing the temperature at 3 °C/min. and maintaining the 

required temperature for a specified time using a conventional oven. After the hydrothermal 

treatment, the reaction vessel was allowed to cool down under running water. The 

membrane was removed from the vessel and neutralised by rinsing the membrane first with 

deionized water for a few minutes before sonificating the membrane for 6 x 10 minutes in an 

ultrasonic bath (Integral Systems). Every ten minutes new deionized water was used. The 

pH was tested with pH paper (Universal indicator pH 0-14 - Merck) and the neutralised 

membrane was dried in a conventional oven at 140 °C for 3 hours. 

Three molar oxide ratios were investigated: 5 Si02:1 AI2O3:50 Na2O:2500 H20, 5 Si02:1 

AI2O3:50 Na2O:1000 H20 and 5 Si02:1 Al2O3:50 Na2O:500 H20. The three molar oxide 

ratios only differ in their water content, thus in concentration. Using an in situ hydrothermal 

technique, zeolite layers were crystallised on the tubular a-alumina support. The 

crystallisation was related to the following synthesis parameters: 

• Influence of the water concentration, and thus molar oxide ratio (±15-30 %) 

• Precursor ageing periods (1 to 5 hours) 

• Synthesis time (1.5 to 6 hours) 

• Synthesis temperature (358 to 463 K) 

3.3.2.3 Hydroxysodalite membrane synthesis for single gas permeation 

After the optimisation of the hydroxysodalite membrane, a double layered membrane was 

made for the single gas permeation experiments. 

3.3.3 Characterisation 

The degree of heterogeneous surface coverage, crystal habit and orientation, composition 

and layer properties (thickness, continuity and defects) were examined by means of 

scanning electron microscopy (SEM) using a FEI ESEM Quanta 200, OXFORD INCA 200 

EDS SYSTEM. The membrane was analysed-by energy-dispersive X-ray spectrometry 

(EDX) on a Jeol Superprobe733, at 4 kV electron accelerating voltage and 12 nA beam 

current. The lateral resolution of the measurement was about 1 jim for a matrix with a 

density of about 2 g/cm3. Aluminium was calibrated on corundum, sodium on albite and 
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silicon on quartz. The oxygen content was calculated from stoichiometry. X-ray diffraction 

analysis was done using a XRD, D-501 (Siemens, Cu KQ radiation). 

Performance of the optimised membrane was tested by measuring the single gas 

permeations of He, N2and SF6 at 298 K, 333 K and 393 K. The permeance was measured 

using a bubble flow meter. The experiments were done, using a dead end membrane 

module, and transmembrane pressures of 0.5, 1.0 and 1.5 bars. The permeance of 

n/I-butane was tested at 333 K and 1.0 bar trans-membrane pressure. A simple gas 

permeation setup was used as shown in Figure 3.2. All measurements were done at 

ambient temperature and pressure (0.87 bars), while the temperature indicator was used to 

control the temperature of the oven. 

Bubble 
flow 

meter 

Pressure 
indicator 

Figure 3.2: Gas permeation setup. 
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3.4 Results and discussion 

The specific variable combinations pertaining to this study are presented in Table 3.2: 

Table 3.2: The synthesis conditions of the different hydroxysodalite membranes 

Exp. Ageing Hydrothermal Molar oxide ratio Fig. 

(h) Time Temp. (SiC^AbC^NaaO^O) 

(h) (K) 

1 A1 =1, A2 = 0.5, A3=0.5 3 413 5 1 50:2500 3.3a 
2 A1 =1, A2 = 0.5, A3 =0.5 3 413 5 1 50: 1750 3.3b 
3 A1 = 1 ,A2 = 0.25, A3 =0.25 3 433 5 1 50: 2500 3.3c 
4 A1 = 1, A2 = 0.25, A3 =0.25 3 433 5 1 50:3250 3.3d 
5 A1 = 1, A2 = 1, A3 = 1 3.5 413 5 1 50: 2500 3.4a 
6 A1 = 1, A2 = 0.5, A3 =0.5 3.5 413 5 1 50: 2500 3.4b 
7 A1 = 1, A2 = 0.25, A3 =0.25 3.5 413 5 1 50: 2500 3.4c 
8 AT=1,A2 = 0.25, A3 =0.25 3 463 5 1 50:3250 3.5 
9 A1 = 0.5,A2 = 0.5 2.5 463 5 1 50: 1000 3.6a 
10 A1 = 0.5, A2 = 0.5 2.5 463 5 1 50: 1150 3.6b 
11 A1 = 1, A2 = 0.5, A3 =0.5 2.5 463 5 1 50: 1000 3.7 
12 A1 =1,A2 = 0.5, A3 =0.5 1.5 463 5 1 50:1000 3.8a 
13 A1 = 1, A2 = 0.5, A3 =0.5 2.5 423 5 1 50: 1000 3.8b 
14 A1 =1, A2 = 0.5, A3 =0.5 4 423 5 1 50: 1000 3.8c 
15 A1 =1, A2 = 0.5, A3 =0.5 2.5 443 5 1 50: 1000 3.9 
16 A1 =1,A2 = 1 6 363 5:1 50: 500 3.10a 
17 A1 = 1, A2 = 1 6 363 5:1 50: 600 3.10b 
18 A1 = 1, A2 = 4 6 363 5:1 50: 500 3.11 
19 A1 = 1, A2 = 1 4 363 5: 1 50: 500 3.12 
20 A1 =1,A2=1 4 358 5:1 50:500 3.13a 
21 A1 = 1, A2 = 1 4 373 5:1 50: 500 3.13b 
22 A1 = 1, A2 = 1 6 363 5:1 50: 500 3.14 
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3.4.1 Hydroxysodalite membrane synthesis and optimisation 

According to Figure 3.3, the hydroxysodalite crystals have spherical structures, while the 

contaminating zeolite (NaA) a cubic structure. In the background the cc-alumina support is 

visible. 

3.4.1.1 5Si02: 1AI203: 50Na2O: 2500H2O 

For each of the three molar oxide ratios investigated in this study, the influence of the water 

concentration, ageing and the synthesis time and temperature (Table 3.2) on membrane 

synthesis is discussed. The first molar oxide ratio under investigation was 5Si02: 1AI203: 

50Na2O: 2500H2O. The composition was obtained from S. Straus (personal 

communication)8 who used the recipe during preliminary experiments where he attempted to 

synthesise a hydroxysodalite membrane. 

a) Water concentration 

The main influence of the water concentration seems to be on the amount of contamination. 

When comparing Figure 3.3a and b it becomes clear that contamination increases with 

decreasing the water concentration. It seems that the decrease in water concentration lead 

to a more explosive nucleation of NaA. According to Figure 3.3b it seems that the NaA 

grows first on the ceramic support while the hydroxysodalite crystals grow on top of the NaA 

crystals. The water concentration had however little influence on the size of the 

hydroxysodalite crystals when comparing Figure 3.3a and b. By increasing the water 

concentration by 30 % at 443K (comparing Figure 3.3c and d), the degree of supersaturation 

decreased as expected, resulting in a less explosive nucleation and also less contamination. 

Comparing Figure 3.3a and c, both containing 2500 moles of water, but Figure 3.3a having 

been synthesised at 413 K and Figure 3.3c at 433 K respectively, it seems that crystal size 

increases with increasing temperature. This phenomena is discussed in more detail in the 

section dealing with the optimisation of synthesis temperature (Section 3.4.1.1d). 
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(c) (d) 

Figure 3.3: Hydroxysodalite membranes with a molar oxide ratio of 5Si02: 1AI203 at 

50Na2O: (a) 2500 H20 grown at 413 K, (b) 1750 H20 grown at 413 K, (c) 2500 H20 grown 

at 433 K and (d) 3250 H20 grown at 433 K. 

b) Ageing 

The precursor ageing time influences the degree of homogeneous versus heterogeneous 

nucleation. The effect of ageing becomes clear when evaluating the results from Figure 3.4 

a, b and c obtained from Experiments 5, 6 and 7 respectively. When comparing Figure 3.3a-

c, it becomes clear that heterogeneous nucleation increases with decreasing ageing time at 

cost of homogeneous nucleation (free crystal growth in the solution). Since the same molar 

oxide ratios were used in all three cases, the concentration was constant. It can therefore 

be assumed that the same amount of crystal should be formed, suggesting that if there is 
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less coverage on the ceramic surface (heterogeneous nucleation), more crystals have 

formed and remained in solution (homogeneous nucleation). This is seen in Figure 3.4a 

where there is the least amount of crystal growth visible on the support. 

(c) 

Figure 3.4: Hydroxysodalite membrane obtained when the precursor solution was 

aged for (a) 3 h and (b) 2 h and (c) 1.5 h. 

Since a clear solution with high internal mobility was used, the increase in homogeneous 

nucleation with increasing ageing time can be explained in terms of the additional time 

available for optical orientation of the precursor solution, suggesting that longer ageing time 

leads to an acceleration of the crystallization process9. This means that with the onset of the 

hydrothermal treatment, a high incidence of nucleation occurs throughout the solution 

without adequate time for the nuclei to attach to the ceramic surface, resulting in more 

crystals in the solution than on the ceramic surface. 
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c) Hydrothermal synthesis - Time 

The effect of synthesis time can be seen when comparing the results from Experiment 1 

(Figure 3.3a) and Experiment 6 (Figure 3.4b) were all the conditions were the same except 

for the synthesis time which increased from 3 to 3.5 hours. With increasing synthesis time 

the zeolite growth increases, and thus crystal size and intergrowth. In a study by Xu et a/.10 

they also found when making a NaA membrane with the molar oxide ratio of 5Si02: 1AI203: 

50Na2O: 1000H2O, that an increase in synthesis time lead to an increase in crystal growth 

on the surface of the support. 

d) Hydrothermal synthesis - Temperature 

The synthesis temperature influenced crystal size. When comparing Figure 3.3d - 433 K 

the crystals were smaller than those obtained at 463 K (Figure 3.5). One can therefore 

assume that the increase in temperature from 433 K in Experiment 4 to 463 K in Experiment 

8 lead to less nucleation, as less nucleation would result in more precursor solution being 

available for larger crystal growth. 

■ ■' &/ * 5 r 

i.. _•_ * .- ■■ A * £ :*-

Figure 3.5: Hydroxysodalite membrane synthesised at 463 K. 

In spite of having investigated all variables, it was not possible to obtain a closed or defect-

free membrane using the molar oxide ratio of 5Si02: 1AI203: 50Na2O: 2500H2O + 30 %. 

Hence it was decided to reduce the water substantially using a moiar oxide ratio of 5Si02: 

1AI203: 50Na2O: 1000H2O, thus only concentrating the solute while maintaining the same 

ratio for the other components. This decision is based on the finding that the decrease in 

the water concentration lead to an increase of crystal growth regardless whether it was NaA 
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or hydroxysodalite. The same synthesis parameters were investigated as with the first molar 

oxide ratio (see Table 3.2). 

3.4.1.2 5Si02: 1AI203: 50Na2O: 1000H2O 

a) Water concentration 

Using 1000 moles of water (Figure 3.6) instead of 2500 moles of water (Figure 3.3) 

drastically improved the heterogeneous nucleation and intergrowth while simultaneously 

decreasing the contamination of NaA. However, in spite of the decrease in contamination, 

both at 1000 moles of water (Figure 3.6a) and 1150 moles of water (Figure 3.6b) 

contamination is still visible. Increasing the water concentration by 15 % (from Experiment 9 

to 10) did however result in a slight decrease in contamination of NaA as well as better 

intergrowth. This decreasing contamination obtained with increasing water content 

correlates well with the observation made with the previous molar oxide ratio. 

(a) (b) 

Figure 3.6: Hydroxysodalite membranes with a molar oxide ratio of 5Si02: 1AI203: 

50Na2O: (a) 1000 H20 and (b) 1150 H20 grown at 413 K (aging = 1 hour). 

b) Ageing 

With decreasing ageing time (2 hours - Figure 3.7 to 1 hour - Figure 3.6a) it seems that 

intergrowth had slightly improved while contamination decreased slightly. When comparing 

the crystal growth as a function of ageing time, it is clear that a longer ageing time (Figure 

3.7) resulted in more contamination by NaA, while it was shown that more heterogeneous 
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nucleation of hydroxysodalite leads to a membrane with less contamination by NaA. The 

results confirm the findings from the previous Section. (3.4.1.1), that heterogeneous 

nucleation increases with decreasing aging time. 

Figure 3.7: A hydroxysodalite membrane with a molar oxide ratio of 5Si02: 1AI203: 

50Na2O: 1000 H20 grown at 463 K (aging = 2 hour, synthesis time = 2.5 hours). 

c) Hydrothermal synthesis - Time 

In this section it is shown that the increase in crystal growth as a function of synthesis time is 

independent of temperature when using the same molar oxide ratio. With an increase in the 

synthesis time from 1.5 hours (Experiment 12 - Figure 3.8a) to 2.5 hours (Experiment 11 -

Figure 3.7) the hydroxysodalite phase became consistently more intergrown, despite the 

presence of the contaminating zeolite. At 423 K, an increase in the synthesis time from 2.5 

hours (Experiment 13 - Figure 3.8b) to 4 hours (Experiment 14 - Figure 3.8c) also lead to 

■ an increase in the crystal growth resulting in an increase in crystal size. Cetin et al.™ 

obtained a similar result, i.e. an increase in the synthesis time leading to an increase in 

crystal growth, when they prepared a NaA membrane with a molar oxide ratio of 1Si02: 

0.2AI2O3:10Na2O: 200H2O. 
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Figure 3.8: Hydroxysodalite membranes grown for (a) 1.5 at 463 K, (b) 2.5 at 423 K and 
(c) 4 hours at 423K. 

d) Hydrothermal synthesis - Temperature 

The influence of temperature was seen when comparing Experiments 11 (463 K), 13 (423 K) 

and 15 (443 K). When comparing Figure 3.7, 3.8b and 3.9 an increase in temperature 

resulted in an increase in the crystal growth rate as seen from the difference in the number 

and size of the crystallites. Increasing the temperature from 423 K to 463 K lead from a 

membrane with little crystals (Figure 3.8b) to a nearly closed membrane of hydroxysodalite 

(Figure 3.7). When the temperature was further increased to 463 K only 2.5 hours synthesis 

time (see Figure 3.7) was needed to obtain a closed membrane, compared to Figure 3.8c 

were after 4 hrs at 423 K a closed membrane wasn't obtained. Thus an increase in 

temperature also leads to a decrease in synthesis time. 
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Figure 3.9: A hydroxysodalite membrane grown at 443 K. 

In spite of all the change in variables, it was not possible to synthesise a pure 

hydroxysodalite membrane using the molar oxide ratio of 5Si02: 1AI203: 50Na2O: 1000H2O 

+ 20 % H20. The contaminating zeolite NaA still nucleated with the hydroxysodalite implying 

that the rate of growth for NaA and hydroxysodalite was similar. To further reduce the NaA 

contamination, a third molar oxide ratio was investigated namely 5Si02: 1AI203: 50Na2O: 

500H2O which was even more concentrated than the previous two molar oxide ratios. In this 

case the solution was a gel due to the limited amount of water (see Table 3.2). 

3.4.1.3 5Si02: 1AI203: 50Na2O: 500H2O 

By decreasing the water content to 500 moles of water there was a shift in the ternary phase 

diagram to where only hydroxysodalite forms (see Section 2.3.1). 

a) Water concentration 

Decreasing the water content from 1000 to 500 moles resulted in a smoothing of the crystal 

morphology (see Figure 3.10a). At this low water concentration an increase in the water 

concentration by 20 % lead for the first time to a contamination by an unknown phase (see 

Figure 3.10b - cubic structure). At this low water concentration it therefore seems that the 

lower water content (500) yields a better hydroxysodalite membrane, which is contrary to 

what has been found at 1000 and 2500 moles water. Increasing the water concentration 

only lead to a change in the ternary phase diagram where the molar oxide ratio not only 

formed hydroxysodalite but also contaminating phases. Thus, with the molar oxide ratio of 

5Si02: 1AI203: 50Na2O: 500H2O we were for the first time able to synthesise a 
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hydroxysodalite membrane without contamination. However the membrane was not yet 

closed. 

(a) (b) 

Figure 3.10: Hydroxysodalite membranes with a molar oxide ratio of 5Si02: 1AI203: 

50Na2O: (a) 500 H20 and (b) 600 H20 grown at 363 K. 

b) Ageing 

By changing the molar oxide ratio, i.e. reducing the water content, the solution became more 

concentrated. When a solution is very concentrated, a longer ageing time is necessary for 

proper depolymerisation and hydrolysing of the different species to obtain a solution with 

homogeneously distribution of the different species. Coker et al.™ confirmed this by showing 

that a poorly mixed precursor solution gave rise to contaminating phases. It was thus 

decided to increase the ageing time for the gel 5: 1: 50: 500. By increasing the ageing time 

from 2 to 5 hours (Figure 3.10a and 3.11 respectively), the crystallites became larger and 

smoother, but still the membrane was not defect-free. 

The difference in the gel and clear solution is visible since the membrane morphology 

improved when using short ageing periods in a clear solution, but longer ageing times with a 

gel solution. 
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Figure 3.11: A hydroxysodalite membrane obtained when the precursor solution was 
aged for 5 hours (synthesis temperature = 363 K). 

c) Hydrothermal synthesis - Time 

By increasing the synthesis time from 4 to 6 hours (Figure 3.12 and Figure 3.10a 

respectively) the crystal growth increased. This confirms the observations made from the 

two other molar oxide ratios, i.e. an increase in crystal growth with an increase in synthesis 

time. 

Figure 3.12: A hydroxysodalite membrane grown for 4 hours at 363 K. 
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d) Hydrothermal synthesis - Temperature 

In an attempt to further improve the zeolite growth, the synthesis temperature used by Juble 

et a/. 4 and Xu et a/.5, namely 363 - 373 K, were.used. For this study, the synthesis 

temperature was increased from 358 K (Experiment 20) to 363 K (Experiment 19) to 373 K 

(Experiment 21). It is clearly visible that crystal size decreases with increasing temperature 

when comparing the three temperatures 358 K, 363 K and 373 K (Figure 3.13a, 3.12 and 

3.13b respectively). With increasing temperature there was an increase in the nudeation 

occurrence, therefore less precursor solution available for crystal growth, resulting in smaller 

crystals. These results again correlate with literature since Cetin et a/.11 also found when the 

synthesis temperature increases, the number and the average size of the crystals increased 

and the synthesis time decreased. It seems that at 363 K (Figure 3.12) the best 

compromise between crystal size, nudeation, crystal growth and contamination was 

achieved. When comparing the three molar oxide ratios, it was found that an increase in the 

average size of the crystals was seen 5: 1: 50: 2500 and 5: 1: 50: 1000, while an increase in 

the number of crystals were observed for 5: 1: 50: 500. 

Figure 3.13: A hydroxysodalite membrane grown at (a) 358 K and (b) 373 K. 

e) The influence of UV-irradiation of the support 

In a further attempt to improve the surface coverage of the hydroxysodalite, the effect of a 

support pre-treatment using UV irradiation was investigated. When using the synthesis 

conditions of Experiment 16 (Figure 3.10a) on a UV treated support a substantial 

improvement in attachment was observed (Figure 14). The UV-irradiation resulted in an 
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increased nucleation (Figure 3.14), thus an increase in surface coverage. UV-irradiation 

seems to activate the support through the formation of hydroxy groups on the support 

surface13. The increase in nucleation lead to a decrease in crystal size because less 

precursor solution was available during the crystal growth phase. The improved attachment 

of hydroxysodalite to the a-alumina support resulted in an increase in the quality of the 

zeolite ceramic composite. 

Figure 3.14: SEM images of the influence of UV-irradiation of the support. 

After evaluating the synthesis parameters for these three molar oxide ratios (by varying the 

synthesis parameters) the hydroxysodalite membranes were characterised by XRD, SEM, 

elemental analysis and single gas permeations. 

3.4.2 Characterisation 

3.4.2.1 XRD 

Comparing the XRD for this membrane (Figure 3.15) to the reference SOD XRD14 confirmed 

that this membrane was a pure hydroxysodalite without any crystalline contamination. 

Comparing the XRD of this membrane to the XRD of CAN confirmed that no cancrinite was 

present in this membrane in contrast to the membrane obtained by Juble ef a/.4. Note that 

between 34 and 44 29 / ° the reflections of the hydroxysodalite and the a-alumina support 

overlapped. 
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Figure 3.15 XRD patterns confirming a pure hydroxysodalite membrane (* = 

reflections of the a-alumina support). 

3.4.2.2 SEM 

The optimised synthesis conditions for a hydroxysodalite membrane are presented in Table 

3.3. To improve selectivity for the single gas permeation experiments, a double layered 

membrane was prepared. 

Table 3.3: The synthesis conditions of a hydroxysodalite membrane for single gas 

permeation 

Membrane Ageing Synthesis Molar oxide ratio 

1 (h) Time 

(h) 

Temperature 

(°C) 

(Si02: Al203: Na20: H20) 

1s t layer A1 =1 ,A2 = 6 6 90 5: 1:50:450 

2nd layer A1 =1 ,A2 = 4 5 90 5: 1:50:500 

According to Figure 3.16 (a and b) the two layers resulted in a smooth homogenous layer as 

well as being effectively attached to the support. 
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(a) (b) 

Figure 3.16: Top (a) and cross view (b) of the optimised hydroxysodalite membrane. 

3.4.2.3 Elemental analysis 

The hydroxysodalite membrane had a thickness of 8 urn (Figure 3.16b) with a Si/AI ratio of 

1.01. In Figure 3.17 the normalised atom fraction of Si and Al as a function of distance is 

presented. In Figure 3.17 the interface is where the zeolite attaches to the alumina support. 

On the left is the support and on the right the zeolite layer. Due to the Si in the support it 

seems that the precursor solution penetrated the alumina support. Though alumina leaching 

from the support can take place, the Si/AI ratio cannot be less than 1. This is due to the 

basic principle of zeolite growth which states that two aluminium atoms cannot be next to 

each other. 

Chapter 3 50 



Hydroxysodalite 

0.4 

0.35 

a 0.3 
.g 
"o 
2 0.25 
E o 
ro 0.2 

■a 
d) 

ro 0.15 --
E 
o 

z 0.1 

0.05 

0 

■ 

■, ■ 

■ 
\ 
■ 
\ 
■ 
)!*£fcfcfcj£££«£$* 

r 
♦ 

» / 
♦ 

/ 
1 ♦—♦"* 
— , — , — . — i — i — . — . — i 1 j 1 1 1 1 j 1 1 

20 5 10 15 
Distance (um) 

Figure 3.17: Normalised atom fractions of Si (♦) and Al (■) as a function of distance. 

3.4.2.4 Single gas permeations 

a) Ideal selectivity 

In Figure 3.18 the ideal selectivity is presented for He/N2 as a function of temperature. At 

1.0 bar transmembrane pressure the ideal selectivity of He/N2 increased linearly from 2.85 at 

298 K to 3.16 at 393K. However at 0.5 and 1.5 bar transmembrane pressure, the ideal 

selectivity decreased until 333 K and then increased to 393 K (Figure 3.18). The highest 

ideal selectivity was obtained at 1.0 bar transmembrane pressure and 393 K. Juble et a/.4 

obtained an ideal selectivity of 5.2 for He/N2 at 1 bar transmembrane pressure and 388 K. 
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Figure 3.18: Ideal selectivity of He/N2 as a function of temperature at 0.5 bar (□ ) , 1 bar 

(S), 1.5 bar (H) transmembrane pressure. 

The ideal selectivity was compared to Knudsen selectivity. Knudsen selectivity is calculated 

from the square root of the inverse molecular weight of the two gases15. If the ideal 

selectivity is comparable to Knudsen selectivity, Knudsen diffusion is present. This would 

then imply that the permeation occurs through non-zeolitic pores, i.e. intercrystalline pores. 

If the values are below Knudsen selectivity, the permeation through the membrane is 

viscous flow and would imply that the membrane has large defects. All the values except for 

0.5 bar transmembrane pressure and 333 K are above Knudsen selectivity (2.64 for He/N2), 

showing that the membrane has good integrity, i.e. defect-free. Noack et a/.16 found when 

the Al content of a MFI membrane is increased, the concentration of intercrystalline pores 

increased. Since hydroxysodalite has a Si/AI ratio of 1, a very high content of alumina is 

present, resulting in a high concentration of intercrystalline pores. Due to the intercrystalline 

pores Knudsen diffusion was dominant with very limited activated transport through the 

zeolite pores that would resulted in much higher separation, i.e; on a molecular level. 

Hydroxysodalite has a aperture size of 2.8 A, while the kinetic diameter for He is 2.6 A and 

N2 is 3.64 A, thus separation could have take place on a molecular level if activated 

transport was dominant. 
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b) Permeance as a function of temperature 

The permeance through the membrane for all three gases decreased with increasing 

temperature (Figure 3.19). The permeance of He decreased from 2.62 x 10"6 mol/m2.s.Pa at 

298 K to 2.25 x 10"6 moI/m2.s.Pa at 393 K. This result correlates with the equation for flux 

due to Knudsen diffusion where the permeance decreases with increasing temperatures17. 
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Figure 3.19: Permeance as a function of temperature for He (D), Nf^D), SF6j (■) at 1 

bar transmembrane pressure. 

The permeance of n-butane and /-butane, which was done at 333 K for comparative 

purposes, was 6.73 x 10"7 mol/m2.s.Pa and 5.95 x 10"7 mol/m2.s.Pa at 333 K and 1.0 bar 

transmembrane pressure. The permeances of He and N2 through the membrane were 

higher than obtained by Juble ef a/.4 who obtained permeances in the range of 

0.5 - 2.10 x 10"8 mol/m.s.Pa, again confirming the inverse proportionality between selectivity 

and flux. 
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c) Permeance as a function of pressure 

A basic rule of Knudsen diffusion is that the permeance is independent of the pressure drop 

across the membrane17. This is seen in Figure 3.20 where the permeance of the three 

gases remained constant irrespective of the pressure applied (comparing the permeance of 

N2 of 9.40 x 10"7 mol/m2.s.Pa at 0.5 bar to 9.31 x 10"7 mol/m2.s.Pa at 1.5 bar). The same 

tendency i.e. that the permeance was independent of the pressure drop, was seen in the 

paper by Juble et a/.4. 
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Figure 3.20: Permeance of He (□) , N2 (S) and SF6 (■) as function of pressure at 298 K. 
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3.5 Conc lus ion 

By varying different synthesis parameters, a double layered hydroxysodalite membrane with 

good integrity was synthesised on a tubular a-alumina support using a conventional oven. 

For repeatability of this membrane it was necessary to ensure that each step in the 

synthesis of the membrane is repeated exactly from the previous synthesis. An important 

parameter that helped to increase the quality of the membrane was UV irradiation of the 

support. Due to the support treatment by UV irradiation it was possible to attach the zeolite 

layer firmly to the support. Three molar oxide ratios namely 5Si02: 1AI203: 50Na2O: 

2500H2O, 5Si02: 1AI203: 50Na2O: 1000H2O and 5Si02: 1AI203: 50Na2O: 500H2O, differing 

only in their water content, were compared. 

It was found that the water concentration influences the degree of contamination. For both 

5: 1: 50: 2500 and 5: 1: 50: 1000 molar oxide ratios an increase in water content at a specific 

molar oxide ratio, lead to a decrease in contamination by NaA, while with 5: 1: 50: 500 the 

tendency was inverse i.e. an increase of water content lead to an increase of contamination. 

When varying the ageing times of the precursor solution a variation in heterogeneous 

nucleation was obtained. For 5: 1: 50: 2500 and 5: 1: 50: 1000, a decrease in ageing time 

lead to an increase in heterogeneous nucleation and a decrease in homogenous nucleation, 

while with 5: 1: 50: 500, an increase in ageing time resulted in a smoother crystal surface. 

For all three molar oxide ratios, increasing the synthesis time lead to an increase in crystal 

growth. The role of synthesis temperature on nucleation was clearly illustrated in this study. 

For 5: 1: 50: 2500, an increase in temperature lead to less nucleation and larger crystals. 

For 5: 1: 50: 1000, an increase in temperature lead to an increase in the crystal growth rate. 

For 5: 1: 50: 500, an increase in temperature lead to an increase in nucleation, thus more 

and smaller crystals. 

The hydroxysodalite membrane had an ideal selectivity of 3.2 for He/N2 at 393 K and 1.0 bar 

transmembrane pressure. The permeance of He, N2 and SF6 through the membrane 

decreased with increasing temperature and remained constant with increasing 

transmembrane pressure. Both tendencies correlate with Knudsen diffusion, which showed 

that there was a high concentration of intercrystalline pores due to the high concentration of 

alumina. Since the ideal selectivities were higher than Knudsen selectivity (2.64), it confirms 

that a hydroxysodalite membrane with good integrity was obtained. 
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CHAPTER 4 

DIRECT CRYSTALLISATION OF MFI MEMBRANES 

ON a-ALUMINA SUPPORTS 

4.1 Abstract 

During this study MFI membranes were directly synthesised on tubular a-alumina supports 

using tetraethylorthosilicate and fumed silica. Various synthesis parameters, including water 

concentration, template combinations, ageing period, synthesis time and temperature were 

optimised. A single crystal size distribution was obtained when synthesising the membrane 

using fumed silica as silica source, while the use of tetraethylortosilicate (TEOS) resulted in a 

wide crystal size distribution. The MFI membranes were characterised by single gas 

permeations of n-butane, /-butane and SFB. Permeance as a function of temperature and 

transmembrane pressure was investigated. The permeance increased with increasing 

temperature, while the permeance of SFB decreased with increasing transmembrane 

pressure. An ideal selectivity of 433 was obtained for n/i-butane at 333 K and 1 bar 

transmembrane pressure. 
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4.2 Introduction 

Zeolites consist of crystalline structures with very specific pore sizes. The advantages of 

zeolite membranes lie in their molecular-sieving effect1 and their selective sorption 

properties2, which makes them ideally suited for any process requiring separation on a 

molecular level. Zeolites can be used to separate different components from a gaseous 

mixture if the molecules differ in terms of their size or their sorption properties. Furthermore, 

zeolites are stable in harsh physical (pressure and temperature) and chemical 

environments1. 

Due to their hydrophobic/hydrophilic nature, MFI can be used for the separation of mixtures 

based on the hydrophobicity index of the individual components. MFI zeolites refer to a 

group of zeolites that can differ in their Si/AI ratio, ranging from the hydrophobic silicalite-1 

(Si/AI = oo) to the aluminium rich hydrophilic ZSM-5 (Si/AI < oo). MFI has ten-membered rings 

with a aperture size of 5.1 by 5.5A for ZSM-5 and slightly larger, i.e. 5.5 by 5.6 A for silicalite-

1 (Figure 4.1). 

Figure 4.1: Framework of the MFI zeolite3. 

Since zeolites membranes should be as thin as possible (a few urn thick)2, a support is 

usually necessary to grow the zeolite on. Frequently ceramic supports are used1. It is 

necessary for any support that the surface to be coated must be as smooth as possible for 

the zeolite to attach to and grow into a continuous thin layer4. To optimise MFI membranes, 

the synthesis parameters can be varied. These include synthesis methods, for example 

seeding or direct synthesis, as well as synthesis conditions, i.e. water concentration, pH, 

synthesis time and temperature. MFI membranes are generally synthesised using colloidal 
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seeds5 or a secondary synthesis6 due to the difficult attachment of MFI crystals to ceramic 

supports. 

Hedlund ef a/.5 for example first made and attached colloidal seeds to the support before the 

hydrothermal treatment with a zeolite precursor solution. A different molar oxide ratio and 

hydrothermal condition was used for the synthesis of the colloidal seeds and for the second 

hydrothermal treatment (after the attachment of the seeds to the support). From their 

investigation it was seen that the amount of the absorbed zeolite crystals had a larger 

influence on the preferred orientation of the crystals than the size of the seed crystals. They 

were able to show that the preferred orientation of the crystals in a film with a certain 

thickness can be controlled by the size and the coverage of seeds on the support before the 

hydrothermal treatment. However, membranes made by seeding are usually thicker than 

membranes made by direct synthesis, due to the thick layer of seeds required (if the support 

surface is rough) to obtain a homogenous distribution of colloidal seeds before the 

hydrothermal treatment. This is understandably a disadvantage in view of the inverse 

proportionality between membrane thickness and flux. Vroon ef a/.6 used a secondary 

synthesis to synthesise a MFI membrane. The first synthesis did not yield a closed 

membrane necessitating another hydrothermal treatment. The molar oxide ratio of both the 

first and second hydrothermal treatments and the synthesis conditions were the same. 

Another important synthesis parameter is the water concentration. According to Wong ef 

a/.7, grain growth decreases with increasing dilution, which can be correlated to work done by 

Kalipcilar ef a/.8 who obtained a continuous and thinner membrane with smaller crystals 

when the water concentration increased. The effect of the concentration of the structure 

directing agent, TPAOH was illustrated by Wong ef a/.7 who found that by increasing the 

amount of organic template, the pH of the synthesis solution increased, which favored grain 

growth while altering the grain morphology. Experiments done by Noack ef a/.9 on the other 

hand showed that the influence of the hydrothermal time is dependant on the molar oxide 

ratio. With a molar oxide ratio of 89Si02: 2Na20: 4.4TPAOH: 4.5TPABr: 1086H2O the 

membrane thickness remained constant with increasing synthesis time while with a ratio of 

89Si02: 2Na20: 4.4TPAOH: 4.5TPABr: 1780H2O there was a slight increase in the thickness 

of the silicalite-1 membrane when increasing the synthesis time (±15 %/24 hr). Gora ef a/.2 

found that by increasing the temperature, a monolith-type morphology was obtained while 

the membrane thickness and crystal size increased. The selectivity for n-butane in an 

equimolar n//-butane mixture was as high as 55 at 1 bar. 

Chapter 4 60 



MFI 

Various silica sources such as TEOS (tetraethylorthosilicate) or fumed silica can be used to 

make MFI membranes12. When synthesising colloidal seeds, an amorphous silica source 

such as fumed silica requires longer crystallisation times, but yields a higher growth rate with 

larger crystals than synthesis with monomeric species of Si04, for example TEOS10. This 

was confirmed by Mintova et al.n who obtained smaller crystals using shorter crystallisation 

periods with TEOS compared to fumed silica. In another study, Gora et a/.12 investigated the 

influence of various silica sources and found that using TEOS (monomeric species of Si04) 

resulted in a perfectly intergrown layer, while fumed silica which is a segregated gei of 

primary particles did not form a perfectly intergrown layer. The synthesis conditions were the 

same for both silica sources. 

It was the aim of this study to crystallise a MFI membrane directly onto a centrifugally casted 

a-alumina support investigating both TEOS and fumed silica as silica sources. In addition, in 

an attempt to obtain a closed membrane, various process parameters were investigated 

including the influence of the water concentration, template combinations, ageing period, 

synthesis time and temperature. The membranes were characterised with SEM, elemental 

analysis, XRD and single gas permeations. 

4.3 Experimental 

4.3.1 Materials 

For the support pre-treatment the following chemicals were used: ethanol (EtOH 99.5 %, 

Saarchem), tetrapropylammonium hydroxide (TPAOH 20 %, Fluka), nitric acid (HN03 55 %, 

F.C. Scientific) and sodium hydroxide pellets (NaOH, Rochelle). 

For the zeolite synthesis the following chemicals were used: tetraethylortosilicate (TEOS 

99 %, Aldrich), fumed silica (Si0299.8 %, Sigma), tetrapropylammonium hydroxide (TPAOH 

20 %, Fluka), tetrapropylammonium bromide (TPABr 99 %, Merck), sodium hydroxide pellets 

(NaOH, Rochelle) and deionized water. 
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4.3.2 Methods 

4.3.2.1 Support pre-treatment 

An in-house manufactured a-alumina support (21 mm outer diameter, 18 mm inner diameter, 

1.5 mm in thickness) with an average pore size of 167nm and a porosity of 37% was used for 

the zeolite synthesis. The tubular support was made by centrifugal casting. A preliminary 

study was done to determine the effect of two different support treatments, namely 

sonification and refluxing, on zeolite adhesion. The different experiments are presented in 

Table 4.1: 

Table 4.1: The different support treatments 

Sonification Refluxing Drying 

Time Solution Time Solution Temp. Time 

(min.) (min.) (K) (min.) 

30 EtOH 323 30 

60 EtOHATPAOH 20% 323 30 

120 EtOH 323 30 

120 EtOH 353 180 

120 TPAOH 20% 

180 HN03 393 720 

— No drying 

As a pre-treatment the supports were either refluxed or sonificated before being dried. For 

the reflux and sonification the effect of various solvents were tested while the time and 

temperature were optimised for the drying stage. The effect of no drying was also 

investigated. For the sonification an ultrasonic bath (Integral Systems) was used, while a 

standard refluxing setup under atmospheric pressure was used for reflux. All drying was 

done in a conventional oven. 

For the zeolite synthesis the pre-treatment was as follows: the support was refluxed in HN03 

for 180 minutes. After the HN03 refluxing, the support was neutralised by sonificating the 

support in deionised water for 3 x 5 minutes. Then the support was placed in a reaction 

vessel and hydrothermally treated with NaOH for 1.5 hours at 423 K. Again the support was 

neutralised in deionised water by sonification for 3 x 5 minutes. After the pre-treatment, the 
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support was dried overnight at 393 K in a conventional oven before the zeolite synthesis. 

Subsequently, the external surface of the support was wrapped in PTFE tape to avoid 

contact with the precursor solution during the hydrothermal treatment. 

4.3.2.2 MFI membrane synthesis 

A zeolite precursor solution was prepared containing water and either TPAOH or TPAOH 

and TPABr. The solution was aged for a specific time period while stirring after which the 

water and either TPAOH or TPAOH and TPABr solution was added dropwise to the silicate 

species, which had not been not aged. This first ageing period of the water TPA solution will 

be referred to as A1 . The template and silica mixture was aged again for a specific time 

period while stirring (A2). After the ageing, 15 ml of the solution was poured into the reactor 

vessel containing the pretreated ceramic support. The temperature of the sealed reactor 

vessel in the conventional oven was increased at 2 °C/minute and maintained at a pre-set 

temperature for a specified time. After the hydrothermal treatment the reaction vessel was 

allowed to cool down under running water. The membrane was removed from the vessel 

and neutralised by rinsing the membrane first with deionised water for 5 minutes before 

treating the membrane for 6 x 10 minutes in an ultrasonic water bath (Integral Systems). 

After every 10 minutes of sonification new deionised water was used. The pH was tested 

with pH paper (Universal indicator pH 0-14 - Merck). Once a neutral membrane had been 

obtained, the membranes were calcined for 16 hours at 673 K with a heating rate of 0.3 

°C/minute and cooling rate of 0.5 °C/minute. 

Two molar oxide ratios were chosen from literature for the initial studies: 6.6 SiOz:1 TPAOH: 

800 H20 and 100 Si02:123 TPA: 63.7 OH: 14200 H202. Using an in situ hydrothermal 

technique, zeolite layers were crystallised on a tubular a-alumina support. The crystallisation 

was related to the following synthesis parameters: 

• Support pretreatments 

• Silica sources (fumed silica vs. TEOS) 

• Water concentration, influencing the molar oxide ratio (-33 to +50 %) 

• Combination of TPAOH and NaOH vs. TPAOH and TPABr 

• Precursor ageing period (2.17 to 48.17 hours) 

• Synthesis time (20 to 72 hours) 

• Synthesis temperature (170 to 180 °C) 
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The specific variable combinations pertaining to this study are presented in Tables 4.2 and 

4.3. Table 4.2 contains all the combinations using fumed silica while TEOS is the silica 

source for the experiments in Table 4.3. The molar oxide ratios and synthesis parameters 

were optimised specific for the in-house manufactured a-alumina support. For experiments 

in Table 4.2, only TPAOH was used as template molecule. 

Table 4.2: Synthesis conditions of the different MFI membranes using fumed silica 

Exp. Age ng Synthesis Molar oxide ratio 

Time Temp. Time Temp. (Si02: TPA20: H20) 

(h) (K) (h) (K) 
1 A1 = 0.17,A2 = 48 298 24 453 6.6: 1: 800 

2 A1 =0.17, A2 = 2 48 443 6.6: 1:536 

3 A1 =0.17, A2 = 2 - - - 48 443 6.6: 1:400 

4 A1 =0.17, A2 = 2 72 443 6.6: 1:400 

— For A2, the first hour of ageing was at 358 K and the second hour at 298 K 

In Experiment 1 for example, the molar oxide ratio of 6.6 Si02: 1 TPA20: 800 H20 was used 

with fumed silica as the silica source. The TPAOH and water solution was aged for ten 

minutes (0.17 hours). After this, the solution was added to the silicate species which was 

aged for 48 hours. The subsequent hydrothermal treatment was for 24 hours at 453 K. 

Table 4.3: Synthesis conditions of the different MFI membranes with TEOS 

Exp Ageing Synthesis Molar oxide ratio 

Time Temp. Time Temp. (Si02: TPA: OH: H20) 

(h) (K) (h) (K) 
5 A1 = 0.17, A2 = 2 30 443 6.6Si02 1TPA20: 400H2O 

6 A1 = 0.17, A2 = 2 30 443 100 123:63.7:14200 

7 A1 = 0.17,A2 = 2 30 443 100 123:63.7:11360 

8 A1 = 0.17, A2 = 1.27 298 24 443 100 123: 63.7:14200 

9 A1 = 0.17,A2 = 2 20 443 100 123:63.7:14200 

10 A1 = 0.17, A2 = 9 30 443 100 123:63.7:11360 

11 A1 = 0 .17,A2=2 40 443 100 123:63.7:14200 

12 A1 = 0.17, A2 = 2 - - - 30 453 100: 123:63.7:14200 

For A2 the first hour of ageing was at 358 K and the second hour at 298 K 
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In Experiment 8, the 123 moles TPA was made up by TPAOH while in the rest of the 

Experiments the 123 moles TPA were made up by 63.7 moles TPAOH and 59.3 moles 

TPABr. The solution containing 12.249 g TPAOH and 0.25 g NaOH (Experiment 8) gave a 

higher pH than the mixture consisting of 9.052g TPAOH and 2.208 g TPABr (Experiment 9). 

4.3.2.3 MFI membrane for gas permeation 

From the optimisation study, three MFI double coated membranes were chosen for gas 

permeation studies to establish the combination with the highest ideal selectivity and best 

integrity. In Table 4.4 the synthesis conditions for the gas permeation membranes are 

presented. For all three membranes, the ageing times (A1) were 10 minutes for the TPAOH 

or TPAOH / TPABr and water solution and two hours for the final precursor solution (A2). 

For the first hour, the precursor solution was aged at 358 K and for the second hour at 298 K. 

For membrane 1, a double coated membrane was made with fumed silica, membrane 2 was 

a combination of one synthesis with fumed silica and the second synthesis with TEOS. The 

third membrane was a double coated membrane using only TEOS as silica source. 

Table 4.4: Synthesis conditions for MFI gas permeation membranes 

Membrane Synthesis 

Time Temp. 

(h) (K) 

Molar oxide ratio Silica source Ref. 

1 -+1s,layer 72 443 

1 - -+2ndlayer 72 443 

2 -+1stlayer 72 443 

2 -+2ndlayer 12 443 

3-■ f l aye r 30 443 

3-+2ndlayer 30 443 

6.6Si02: 1TPA20: 400H2O 

6.6Si02: 1TPA20: 400H2O 

6.6Si02: 1TPA20: 400H2O 

6.6Si02: 1TPA20: 800H2O 

100SiO2: 123TPA: 63.7OH:14200H2O 

100SiO2: 123TPA: 63.7OH:14200H2O 

Fumed silica 

Fumed silica 

Fumed silica 

TEOS 13 

TEOS 2 

TEOS 2 

4.3.3 Characterisation 

The degree of heterogeneous surface coverage, crystal habit and orientation, composition 

and layer properties (thickness, continuity and defects) were examined by means of 

scanning electron microscopy (SEM) using a FEI ESEM Quanta 200, OXFORD INCA 200 

EDS SYSTEM. The membrane was analysed by energy-dispersive X-ray spectrometry 

(EDX) on a Jeol Superprobe733, at 4 kV electron accelerating voltage and 12 nA beam 

current. The lateral resolution of the measurement was about 1 jxm for a matrix with a 
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density of about 2 g/cm3. Aliminium was calibrated on corundum, sodium on albite and 

silicon on quartz. The oxygen content was calculated from stoichiometry. X-ray diffraction 

analysis was done using a XRD, D-501 (Siemens, Cu KQ radiation). 

The permeance and ideal selectivity of the optimised membranes was tested by single gas 

permeations of n-butane, /-butane and SF6 at 298 K, 333 K and 378 K on a simple gas 

permeation setup (Figure 4.2). The experiments were done using a dead end mode 

membrane module at transmembrane pressures of 0.5, 1.0 and 1.5 bars. For comparative 

purposes the permeance of He and N2 of was tested at 298 K at 1.0 bar trans-membrane 

pressure. Permeances were measured using a bubble flow meter. All measurements were 

done at ambient temperature and pressure (0.87 bars), while the temperature indictor was 

used to control the temperature of the oven. 

Bubble 
flow 

meter 

Pressure 
indicator 

Figure 4.2: Gas permeation setup. 

4.4 Results and discussion 

4.4.1 Support pre-treatment 

Before zeolite synthesis, four different support pre-treatments were tested (Table 4.1). When 

using only sonification as pre-treatment, patches of crystal growth was observed after the 
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hydrothermal treatment with a zeolite precursor solution (Figure 4.3b) whereas the rest of the 

membrane had little crystal growth and attachment (Figure 4.3a). This deficient attachment 

was observed both for the pure EtOH as well as the EtOH / TPAOH mixture treatment and 

was independent of the duration of the treatment. This is in agreement with findings by Van 

der Puil ef a/.13 who found no additional crystallisation of ZSM-5 when the support was pre-

treated with TPAOH. 

The refluxing pre-treatment was generally more successful in terms of MFI crystal 

attachment. Refluxing with TPAOH resulted in crystal growth perpendicular to the support 

surface (Figure 4.4). In a further attempt to improve attachment, the support was refluxed in 

nitric acid and heat treated with NaOH before the hydrothermal treatment with the zeolite 

precursor solution. Experiments done by Hofman-Zuter14 show that acid acts as a corrosive 

in the presence of the alumina support, thus etching the support on a molecular level15 to 

improve the attachment of the zeolite on the support (Figure 4.6). The improved attachment 

of the MFI due to the etching of the support was confirmed in this study. Using the in-house 

manufactured tubular support we were able to attach MFI directly onto an ct-alumina support 

without any additional Al203 or Ti02 layers which would increase the cost of the membrane. 

This direct attachment is partially due to the pre-treatment, but more importantly, due to the 

asymmetric nature of the support which has a very smooth inside surface as a result of the 

centrifugal deposition of the a-alumina particles. 

(a) (b) 

Figure 4.3: MFI crystals on a ceramic support sonicated with a 50/50 solution of EtOH 

and TPAOH for 60 minutes and dried for 30 minutes at 323 K showing little growth and 

attachment (a) with patches of increased crystal growth (b). 
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Figure 4.4: MFI crystals grown on a ceramic support that was refluxed with TPAOH for 

120 minutes. 

Refluxing the support with nitric acid and heat treatment of the support with NaOH were 

chosen as support pre-treatment for zeolite synthesis. 

4.4.2 MFI membrane synthesis 

MFi membranes were synthesised using two different silica sources namely fumed silica 

(Table 4.2) which is amorphous silica and TEOS (Table 4.3) which is a monomeric species of 

Si04. 

4.4.2.1 Fumed silica 

The starting molar oxide ratio was 6.6 Si02: 1 TPA20: 800 H20 using fumed silica as the 

silica source. With fumed silica only two parameters had to be varied before a closed 

membrane was obtained, namely the water concentration and the duration of the 

hydrothermal treatment. 

a) Influence of water 

The water concentration plays an important role in the intergrowth between the crystals7 and 

the size of the crystals. In Figure 4.5a (the highest water content) there were less MFI 

crystals but they were larger than those seen in Figure 4.5b and c. Decreasing the water 

concentration (Experiment 1 to 3 - Table 4.2) promoted nucleation on the support surface, 

which lead to a fully intergrown membrane (see Figure 4.5c). This effect agreed with that of 
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Basaldella et a/.16 who also found that a decrease in water content lead to an increase in 

heterogeneous nucleation, in other words more crystal growth on the support itself. Wong ef 

a/.7 found that grain growth increased with decreasing water concentration. It is 

understandable that crystal size decreased with decreasing water content, in view of the 

increased solute concentration resulting in a faster initial nucleation and hence the formation 

of more but smaller crystals. In other words the incomplete coverage when using high water 

concentrations (dilution) is due to the enlargement of the inter-nuclei spacing and thus the 

formation of a low number of nuclei17 (Figure 4.5a). 

(a) (b) 

Figure 4.5: MFI membrane using a molar oxide ratio of 6.6 Si02: 1 TPA20: (a) 800 H20, 

(b) 536 H20 and (c) 400 H20 grown at 443 K for 48 hours. 
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b) Hydrothermal synthesis - Time 

Using the optimised molar oxide ratio from the previous study (6.6: 1: 400), the effect of the 

synthesis time on the intergrowth of zeolite crystals was investigated by increasing the 

synthesis time from 48 to 72 hours. With increasing synthesis time (from 48 hours -

Experiment 3 to 72 hours - Experiment 4) an increase in the intergrowth was observed for 

the MFI membrane (compare Figure 4.5c and 4.6). The thickness of the membrane 

remained constant (± 4um) with increasing synthesis time as confirmed by Noack et a/.9. 

Bonhomme et a/.18 obtained the same result, i.e. the thickness of the membrane did not 

markedly increase after 12 hours of synthesis. Berenguer-Murcia et a/.19 confirmed that 

increased synthesis time gave better continuity of the zeolite layer. 

Figure 4.6: MFI membrane grown for 72 hours. 

Having obtained a closed MFI membrane using fumed silica, the second silica source to be 

investigated was TEOS. 

4.4.2.2 TEOS 

By repeating the synthesis of a MFI membrane with the optimised molar oxide ratio of 6.6: 1: 

400, but changing the silica source from fumed silica to TEOS gave a membrane with little 

crystal growth (see Figure 4.7) when compared to Figure 4.5c. Since TEOS is monomeric, it 

seems to be more reactive than fumed silica12. As a result homogeneous nucleation seems 

to have occurred at the cost of heterogeneous nucleation, which was confirmed by the high 

crystal concentration in the remaining solution after hydrothermal synthesis. Having failed to 
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synthesise a TEOS based MFI membrane on our ceramic supports using the fumed silica 

optimised molar oxide ratio, another molar oxide ratio (100 Si02: 123 TPA: 63.7 OH: 14200 

H20) was chosen from literature2 which has been used successfully with TEOS as the silica 

source. An investigation was undertaken to determine the influence of various parameters 

on the synthesis of a MFI membrane using TEOS. Similarly to the fumed silica experiments, 

various parameters had to be optimised (Table 4.3) in an attempt to obtain a closed 

membrane. 

Figure 4.7: MFI crystals when using TEOS as silica source with a molar oxide ratio of 

6.6 Si02: 1TPA20: 400 H20. 

a) Influence of water 

When using the exact same synthesis conditions as obtained from literature2, attachment of 

crystals was obtained, however with limited intergrowth. The tendency was similar as 

observed for the MFI membrane using fumed silica. Decreasing the water concentration 

(Experiment 6 and 7 - Table 4.3), lead to an increase in the nucleation which lead to an 

increase in crystal growth (Figure 4.8b). This contradicts findings by Kalipcilar ef a/.8 who 

observed an increase in crystal size with a decrease in water concentration. 
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Figure 4.8: MFI membrane with a molar oxide ratio of 100 Si02: 123 TPA: 63.7 OH: (a) 

14200 H20 and (b) 11360 H20 grown at 443 K. 

b) Combination of TPAOH and NaOH vs TPAOH and TPABr 

It was the purpose of this section to determine the effect of different template combinations 

on crystal growth and attachment. The template molecules serve as structure directing 

agents in the growth of zeolites, while the OH" ions maintains the pH7. Two combinations 

were investigated: TPAOH and NaOH (Experiment 8) and TPAOH and TPABr (Experiment 

9). The combination of NaOH and TPAOH resulted in a higher pH that did not favour crystal 

growth (Figure 4.9a). 

•■"W 

,t\ 
(a) (b) 

Figure 4.9: MFI crystal growth with a template combination of TPAOH and NaOH (a) 
and TPAOH and TPABr (b). 
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It is known that zeolite dissolution occurs at higher alkalinity and a high pH cause poor 

crystallisation7. The crystal morphology was monolithic and the attachment was weak, as 

was confirmed by the substantial crystal removal during the post hydrothermal sonification 

treatment. Decreasing the pH by substituting the NaOH for TPABr, lead to an increase in 

crystal growth (Figure 4.9b). When TPABr dissolves a slightly acidic solution19 is obtained, 

but in the presence of TPAOH, the pH was still high enough for adequate dissolution of the 

silica source, as confirmed by the occurrence of secondary nucleation7, i.e. smaller crystals 

formed on top of the primary grown larger crystals. 

c) Ageing 

A minimum ageing time is necessary for the anchoring of silicate species to the support 

surface, favouring crystal growth during hydrothermal treatment19. It seems that ageing 

influenced secondary nucleation (smaller crystal formation on top of the primary growth20 -

Figure 4.10) with a minimum effect on crystal size. With the molar oxide ratio of 100: 123: 

63.7: 11360, an increase in the ageing time A2 (from 2-9 hours - Experiment 7 and 10 -

Table 4.3) lead to less nucleation and slightly larger crystals (Figure 4.10). According to Li et 

a\}A, when TEOS is used as the silica source, the ageing time has a negligible effect on the 

crystal size of a MFI membrane. When comparing Figure 4.8b to Figure 4.10, it can be seen 

that the crystals in Figure 4.10 are slightly larger than those in Figure 4.8b. Lin et a/.20found 

that increasing the ageing time lead to an increase in nucleation, thus depressing crystal 

growth. This depressing of crystal growth is clear considering the little growth of secondary 

nucleation (Figure 4.10). 

Figure 4.10: MFI crystals when the precursor ageing was 9.17 hours. 
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d) Hydrothermal synthesis - Time 

For a molar oxide ratio of 100: 123: 63.7: 14200, the synthesis time affected the crystal 

growth of MFI. When the synthesis time was increased from 20 hours (Experiment 9) to 30 

hours (Experiment 6) to 40 hours (Experiment 11) there was an increase in crystal growth 

when comparing Figure 4.9b, Figure 4.8a and Figure 4.11 were compared. 

Figure 4.11: MFI membrane grown for 40 hours. 

e) Hydrothermal synthesis - Temperature 

The synthesis temperature influenced secondary nucleation. The higher temperature in 

Experiment 12 lead to an increase in the secondary nucleation (compare Figure 4.12 to 

Figure 4.8a), which was confirmed by Noack ef a/.9. 

Figure 4.12: MFI membrane grown at 453 K. 
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Gora et al.2 obtained a monolith type morphology when the synthesis temperature was 

increased > 453 K. Due to the large crystal size range at 453 K, leading to a heterogeneous 

rough surface, it was decided to rather use 443 K for the synthesis of the optimised 

membrane. 

f) Influence of the support 

At this point, it may be appropriate to make a comment on the influence of a support on the 

optimisation a specific zeolite. When Gora et al.2 made a silicalite-1 membrane with the 

molar oxide ratio of 100 Si02: 123 TPA: 63.7 OH: 14200 H20 on a Ti02 coated stainless 

steel support at 453 K, they obtained a monolith type crystal layer. By making a MFI 

membrane with the same molar oxide ratio at the same temperature however on an a-

alumina support the crystals' morphology changed. This example illustrates that while the 

influence of changing a variable on crystal growth or morphology might be derived from a 

specific study, these variables should nonetheless be investigated whenever a different 

support type is used. 

4.4.3 Characterisation 

For the gas permeation experiments, three different double-coated membranes were 

synthesised combining the two optimised syntheses for the two silica sources. The 

membranes were characterised using XRD, SEM, elemental analysis and single gas 

permeations. 
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4.4.3.1 XRD 

Comparing the XRD for this membrane to the reference MFI XRD22 confirmed the purity of 

the MFI zeolite. The low intensity resulted from the thickness (± 6.0 urn) of the zeolite 

membrane available for analysis. 
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Figure 4.13: XRD patterns confirming the presence of pure MFI (* = reflection of the a-

alumina support). 

4.4.3.2 SEM images 

Membrane 1 was made by a double synthesis using fumed silica. There was a single event 

of nucleation, confirmed by the single crystal size distribution. A long synthesis time (2 x 

three days) was necessary to obtain a membrane with a thickness of 5.5 urn (see Figure 

4.14b). Gora ef a/.12 confirmed that with fumed silica the individual crystals grew together 

slowly. 
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Figure 4.14: Top view (a) and cross view (b) of MFI membrane 1 using fumed silica. 

With membrane 2 the first synthesis was with fumed silica and the second synthesis with 

TEOS (Figure 4.15). The first synthesis lead to a membrane with a thickness of 2.2 um. The 

second synthesis nucleated on top of the first layer with little additional growth, thus no 

increase in the thickness of the membrane was seen (Figure 4.15b) 

Figure 4.15: Top view (a) and cross view (b) of MFI membrane 2 using fumed silica and 

TEOS. 

(b) 

Chapter 4 77 



MFI 

Membrane 3 was made by a double synthesis using TEOS. TEOS is more reactive than 

fumed silica, thus shorter crystallisation times (2 x 30 h) were necessary for the synthesis of 

a 6.0 urn thick membrane compared to fumed silica (2 x three days synthesis). The multiple 

stages of nucleation were clear from the wide crystal size distribution. The larger crystals 

were from the first nucleation and the small crystals were from the other nucleations (see 

Figure 4.16a). The indentations at the extremities of the crystals were from the expeditious 

growth of TEOS. The wide crystal size distribution contradicts work done by Li et a/.10. 

(a) (b) 

Figure 4.16: Top view (a) and cross view (b) of MFI membrane 3 using TEOS. 

The crystals obtained with fumed silica (Figure 4.14a) were smaller than with TEOS (Figure 

4.16a), which again when using only fumed silica or TEOS, contradicts work done by 

Mintova et a/.11 who observed the opposite behaviour. A disadvantage of the TEOS 

synthesis was the lack of control over the nucleation, which is faster than the nucleation of 

fumed silica. 
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4.4.3.3 Elemental analysis 

Elemental analysis was only possible for membrane 1 and 3, since the zeolite layer of 

membrane 2 was too thin for accurate and repeatable measurements. In Figure 4.17 the 

normalised atom fractions of Si and Al as a function of cross-sectional distance is presented 

for MFI membrane 1. The interface is where the zeolite attaches to the alumina support. On 

the left is the support and on the right the zeolite layer. The presence of Si in the support 

shows the depth of penetration of the precursor solution into the alumina support (2-2.5 urn). 

0.45 

0.4 

0.35 -f 
g 
o 0.3 -f 

to 
"S- 0.2 + 
to 

15 
§ 0.15-t o -z. 

0.1 -f 

0.05 

0 0 

-< Interface 

. _ ♦ - ♦ - ♦ - ♦ - ♦ - ♦ - ♦ - ♦ 

4 6 
Distance (urn) 

10 

Figure 4.17: Normalised atom fractions of Si (♦) and Al (■) as a function of distance for 

membrane 1. 

Moving from the inside surface of the support to the outer surface of the zeolite, the fraction 

of Si increases with a corresponding decrease in Al. As one moves into the zeolite layer the 

Al decreases reaching a minimum at approximately 2 urn into the zeolite. Since no 

aluminium has been added to the zeolite precursor solution, the aluminium observed close to 

the support was leached from the support during the high pH conditions of zeolite 

synthesis25. This implies that the aluminium leaching from the support during zeolite 

synthesis is incorporated into the zeolite framework23 changing the Si/AI ratio. The 
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membrane (1) has a mean Si/AI ratio of 148 in the pure zeolite phase, thus a high silica MFI 

membrane was obtained. Noack et a/.31 found that an increase of alumina leads to a 

decrease in ideal selectivities. 

In Figure 4.18 the normalised atom fraction of Si and Al as a function of distance is 

presented for MFI membrane 3. The amount of Si was slightly higher in the support. It was 

to be expected as the TEOS precursor solution (a clear solution) penetrated more than the 

precursor gel of fumed silica (membrane 1). Membrane 3 had a mean Si/AI ratio of 112 in 

the pure zeolite phase, is slightly lower than the Si/AI ratio obtained for membrane 3. 
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Figure 4.18: Normalised atom fractions of Si (♦) and Al (■) as a function of distance for 
membrane 3. 
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4.4.3.4 Single gas permeations 

a) Ideal selectivity 

In Figure 4.19 the ideal selectivity is presented for n/7-butane as a function of temperature. 

With membrane 1, there was an increase in ideal selectivity (Fa) from 50 at 298 K to an 

optimum of 433 at 333 K. After 333 K there was a decrease in ideal selectivity to 4.5 at 378 

K with a further increase in temperature (Figure 4.19). The high ideal selectivity confirmed 

integrity of the membrane. 

Vroon et al.B obtained an ideal selectivity of 48 at 298 K that decreased to 17 when the 

temperature increased to 473 K. This tendency of a decrease in ideal selectivity at higher 

temperatures correlates with results of membrane 1. 
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Figure 4.19: Ideal selectivity for membrane 1 of n/f-butane as a function of temperature 
at 1 bar transmembrane pressure. 
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With membrane 2 the ideal selectivity was very low compared to membrane 1. There was an 

increase in the ideal selectivity from 1.2 at 298 K to 2.9 at 378 K at 0.5 bar transmembrane 

pressure and increased from 1.2 at 298 Kto 2.4 at 378 K at 1.0 bar transmembrane pressure 

(Figure 4.20). The ideal selectivity was slightly higher at lower transmembrane pressures 

and higher temperatures. This low ideal selectivity was an indication that the integrity of the 

membrane was poor. The thickness of this membrane was only 2.2 urn that could result in a 

non-homogeneous layer and the formation of defects. 

0 4 1 * * . ' 1 I . ' 1 I 
298 333 378 

Temperature (K) 

Figure 4.20: Ideal selectivity for membrane 2 of n//-butane as a function of temperature 

at 0.5 (□) and 1 bar (§) . 
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Membrane 3 showed good integrity with high ideal selectivities (Figure 4.21). The ideal 

selectivity increased from 10 at 298 K to 327 at 378 K at 0.5 bar transmembrane pressure 

and increased from 5.4 at 298 K to 95 at 378 K at 1.0 bar transmembrane pressure. This 

result of a higher ideal selectivity at lower transmembrane pressures and higher 

temperatures correlates with the results from membrane 2. Though membrane 3 has good 

integrity, membrane 1 had the best integrity due to highest ideal selectivities. 

350 -. . 

300 -

250 -

% 2 0 0 -
CD 

ro 150 -
CD 

100 -

50 -

298 333 378 

Temperature (K) 

Figure 4.21: Ideal selectivity of for membrane 3 n/Z-butane as a function of temperature 

at 0.5 (D) and 1 bar (H) transmembrane pressure. 

In Table 4.5 the ideal selectivities of our three membranes were compared to data obtained 

from literature. 
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Table 4.5: Ideal selectivities of MFI membranes at 1 bartransmembrane pressure 

Zeolite Ideal selectivity Ideal selectivity Temperature Reference 

n/i-butane N2/SF6 (K) 

MFI 50 42 298 Membrane 1 

MFI 443 333 Membrane 1 

MFI 1.2 4 298 Membrane 2 

MFI 2.4 378 Membrane 2 

MFI 5 28 298 Membrane 3 

MFI 95 378 Membrane 3 

Silicalite-1 14 298 24 

MFI 7-10 298 26 

ZSM-5 6 298 25 

MFI 131 298 6 

MFI 85 298 6 

MFI 48 298 6 

MFI 17 . 473 6 

MFI 386 378 9 

Both membranes 1 and 3 had high ideal selectivities and for n/i-butane and N2/SF6, thus both 

membranes had good integrity. Our results are good compared to data from literature. 

b) Permeance as a function of temperature 

Membrane 1 exhibited permeances in the order of n-butane > SF6 > /-butane (Figure 4.22) 

which is consistent with data published by Xomeritakis et al.26. The trend of permeance as a 

function of temperature was the same for both n-butane and SF6 (Figure 4.22), i.e. the 

permeance of n-butane increased from 1.07 x 10"6 mol/ m2.s.Pa - 2.77 x 10"7 mol/ m2.s.Pa 

when temperature increased from 298 K to 378 K. The permeance of /-butane remained 

nearly constant between 2.16 x 10"10 - 2.57 x 10"10 mol/m2.s.Pa with an increase in 

temperature from 298 K to 333 K. With a further increase in temperature to 378 K the 

permeance increased to 6.10 x I f f 8 moi/m2.s.Pa. The permeance of He and N2 was 

2.05 x 10"7 mol/m2.s.Pa and 5.10 x 10"7 mol/m2.s.Pa at 1 bar transmembrane pressure and 

298 K. 
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Figure 4.22: Permeance through membrane 1 as a function of temperature for n-

butane (□ ) , SF6 (@) and /-butane (H) at 1 bar transmembrane pressure. 

The result of permeance as a function of temperature for n-butane and SF6 for membrane 2 

displayed the same tendency as membrane 1. The permeance increased with increasing 

temperature except for /-butane (Figure 4.23). In general the permeances were higher for 

membrane 2 due to the defects mentioned previously. In contrasts to membrane 1, the 

permeance of /-butane decreased from 2.44 x 10"7 mol/m2.s.Pa to 2.00 x 10"7 mol/m2.s.Pa 

with increasing temperature. The permeance of He and N2 was 9.09 x 10"7 moI/m2.s.Pa and 

7.56 x 10"7 mol/m2.s.Pa at 1 bar transmembrane pressure and 298 K. 
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Figure 4.23: Permeance through membrane 2 as a function of temperature for n-

butane (□) , SF6 (S) and /-butane (■) at 1 bar transmembrane pressure. 

For membrane 3, the trend of the permeance as a function of temperature, again correlated 

with previous results. The permeance of n-butane and SF6 increased with an increase in 

temperature, while the permeance of 7.39 x 10"9 mol/m2.s.Pa at 298 K for /-butane decreased 

to 4.22 x 10'9 mol/m2.s.Pa with an increase to 378K (Figure 4.24). The permeance of He and 

N2 was 1.58 x 10"7 mol/m2.s.Pa and 5.35 x 10"7 mol/m2.s.Pa at 1 bar transmembrane 

pressure and 298 K. 
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Figure 4.24: Permeance through membrane 3 as a function of temperature for n-

butane (□ ) , SF6(S) and /-butane (■) at 1 bartransmembrane pressure. 

Nishiyama et al.24 and Vroon et al.27 found that the permeance of n-butane and /-butane 

increased with increasing temperature, while in the study by Burggraaf et al.2a the 

permeance of i-butane however remained constant with increasing temperature. Bai et al.29 

found that the permeance of SFB increased with increasing temperature. Bernal et al.25 

proposed the following explanation: at low temperatures the amount of gas adsorbed in the 

zeolitic pores is high. With an increase in temperature the diffusivity of the molecules 

increases (surface diffusion) even though the amount of adsorbed species starts decreasing, 

thus the permeance increases. In some cases a maximum in permeance is reached after 

which the higher mobility cannot compensate for the decrease in surface coverage. At 

higher temperatures the transport through micropores is controlled by gas translation 

diffusion30. 

In Table 4.6 the permeances of our three membranes were compared to permeances 

presented in literature. 
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Table 4.6: Permeances of n-butane, /-butane and SFG at 1 bartransmembrane pressure 

Permeance Permeance Permeance Thick- . Temp. Reference 

n-butane /-butane SF6 ness 

mol/m2.s.Pa mol/m2.s.Pa mol/m2.s.Pa (urn) (K) 

1.07 xicr8 2.16x10" l u 1.22x10"B 5.5 298 Membrane 1 

2.99 x10"7 2.44 x 10"7 1.71 x10"7 2.2 298 Membrane 2 

4.00 X10 -8 7.39 x10"9 1.91 xlO"8 6.0 298 Membrane 3 

1.28 xlO"6 10-20 298 26 

4.8 x10"5 10 298 31 

3.8 xlO"8 2.9 x10"10 3.5 298 6 

2.7 xlO"8 3.2 x10"10 3 298 6 

1.1 xlO"8 2.3 x10"10 5 298 6 

6.7 x 10'9 9.0 x10"11 5.5 298 6 

0.5 x10"10 4.0 x10"11 1.5 298 32 

Permeances presented in literature (Table 4.6) are in the order of magnitude as the results 

presented in this study. The permeance of the three gases increased in the order of 

membrane 2 > membrane 3 > membrane 1. Membrane 2 is very thin and it seems that the 

high permeances were due to large defects in the membrane. One could argue that the 

higher alumina content of membrane 3 resulted in the increased permeance. Noack ef a/.23 

found that the permeance of gas increases with an increase in alumina in the framework of 

zeolites. An increase in alumina leads to an increase in intercrystalline pores and thus an 

increase in permeance. 

c) Permeance as a function of pressure 

Gases such as n-butane and /-butane are low pressure gases, thus was SF6 chosen to do 

permeance as a function of pressure at different temperatures studies. For all three 

temperatures there was a decrease in permeance of SFe with an increase in transmembrane 

pressure for membrane 1 (Figure 4.25). At 378 K the decrease was most significant with a 

permeance of 1.17 x 10"7 mol/m2.s.Pa at a transmembrane pressure of 0.5 bars and a 

permeance of 9.11 x 10"8 mol/m2.s.Pa at a transmembrane pressure of 1.5 bars. 

For membrane 1 the permeance of n-butane and /-butane increased with increasing 

transmembrane pressure of 0.5 to 1.0 bars at 333K. 
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Figure 4.25: Permeance as a function of pressure for SF6 at 298 K (□) , 333 K (H) and 

378 K ( l i ) (Membrane 1). 

Contradictory to membrane 1 at 298 K, there was an increase in the permeance of SF6 from 

1.57 10"7 mol/m2.s.Pa at a transmembrane pressure of 0.5 bars to 1.81 x 10"7 mol/m2.s.Pa at 

a transmembrane pressure of 1.5 bars. At 333 K and 378 K, the same trend was observed 

as for membrane 1, i.e. a decrease in permeances with increase in transmembrane pressure 

(Figure 4.26). 

For membrane 2 the permeance of /i-butane remained constant while the permeance of /-

butane increased with increasing transmembrane pressure of 0.5 to 1.0 bars at 333 K. 
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Figure 4.26: Permeance through membrane 2 as a function of pressure for SF6 at 298 

K (D), 333 K (B) and 378 K (M). 

The same tendency was seen for membrane 3 as observed for membrane 1, i.e. an increase 

in transmembrane pressure lead to a decrease in permeances (Figure 4.27). For example at 

333 K, the permeance of SF6 decreased from 7.82 x 10"8 mol/m2.s.Pa at a transmembrane 

pressure of 0.5 bars to 5.73 x 10"8 mol/m2.s.Pa at a transmembrane pressure of 1.5 bars. 

This decrease in SF6 permeability as a function of pressure correlated to work done by 

Wong ef a/.7 

For membrane 3 the permeance of n-butane and /-butane increased with increasing 

transmembrane pressure of 0.5 to 1.0 bars at 333 K. 
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Figure 4.27: Permeance as a function of pressure for SF6 at 298 K (□ ) , 333 K (m) and 

378 K (■) (Membrane 3). 
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4.5 Conclusion 

By varying different synthesis parameters, two high silica MFI membranes with good integrity 

were synthesised on tubular a-alumina supports using a conventional oven. The zeolite 

layer was firmly attached to the support. Two silica sources were used, namely fumed silica 

and TEOS. Using fumed silica for the synthesis of a MFI membrane lead to smaller crystals 

with a single crystal size distribution. TEOS on the other hand lead to larger crystal sizes 

than fumed silica, with a wide crystal size distribution. For both fumed silica and TEOS, a 

decrease in the water content of the starting molar oxide ratios, lead to an increase in 

nucleation, thus an increase in the intergrowth between crystals. To further increase the 

intergrowth the synthesis time was increased. 

When using TEOS to synthesise a MFI membrane, it was found that the template 

combination of TPAOH and TPABr gave better crystal growth than TPAOH and NaOH. A 

shorter ageing time was chosen to limit secondary nucleation. A synthesis temperature of 

443 K further reduced secondary nucleation. 

Membrane 1 (fumed silica) had an ideal selectivity of 433 at 333 K and 1.0 bar 

transmembrane pressure, while membrane 3 (TEOS) exhibited an ideal selectivity of 327 at 

378 K and 0.5 bar transmembrane pressure. The permeance of n-butane and /-butane 

through membrane 3 was higher than for membrane 1, while the alumina content in the 

zeolite layer was higher in membrane 3 than in membrane 1. The increased alumina lead to 

an increase in intercrystalline pores, thus a decrease in ideal selectivity and an increase in 

permeation of gases. The permeance of SFS through membrane 1 and 3 decreased with 

increasing transmembrane pressure, while the permeances of n-butane and /-butane through 

membrane 1 and 3 increased with increasing transmembrane pressure. 

When comparing the permeance and ideal selectivity of membrane 1 and 3 to that in the 

literature, it was clear that two highly selective membranes have been developed with 

selectivities comparing to best presented in the literature without compromising on the 

permeance. 
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CHAPTER 5 
EVALUATION 

5.1 General discussion 

Three continuous and defect-free zeolite membranes namely hydroxysodalite and two high 

silica MFI membranes were synthesised on a-alumina supports using a conventional oven. 

The membranes had good integrity and were firmly bound to the support. With the first 

synthesis of these two membranes only little crystal growth was seen (Figure 5.1). 

(a) (b) 

Figure 5.1: The first synthesis of hydroxysodalite (a) and MFI (b). 

The initial hydroxysodalite had a lot of contamination of other zeolite phases (Figure 5.1a). 

By concentrating the precursor solution there was a shift in the ternary phase diagram 

(Section 2.3.1) and a pure hydroxysodalite membrane was obtained (Figure 5.2) 
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Figure 5.2: Top (a) and cross view (b) of the optimised hydroxysodalite membrane. 

In literature, TEOS is the most frequently used silica source for MFI membrane synthesis. 

Based on the literature study, TEOS as the base chemical and a molar oxide ratio were the 

starting point. The difficulty in obtaining crystal growth of MFI crystals on the support was 

due to homogeneous nucleation (Figure 5.1b). By changing the silica source from TEOS to 

fumed silica and by decreasing the amount of water, the first optimised high silica MFI 

membrane was obtained (Figure 5.3). For TEOS, the molar oxide ratio was adapted 

according to literature, which lead to an increase in crystal growth and a second optimised 

high silica MFI membrane (Figure 5.4). It became clear in this study that zeolite membranes 

are very sensitive to the molar oxide ratios, the chemicals for the synthesis and the synthesis 

parameters. 

Figure 5.3: Top (a) and cross view (b) of the optimised MFI (fumed silica) membrane. 
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fa) (b) 

Figure 5.4: Top (a) and cross view (b) of the optimised MFI (TEOS) membrane. 

Changing the synthesis parameters had different effects on the two zeolite membranes 

depending on the molar oxide ratio and chemicals used during the synthesis. 

For hydroxysodalite the amount of water had an influence both on the degree of 

contamination by other zeolite phases and on crystal growth. While there was a clear 

increase in crystal growth with decreasing water content, the influence of the water content 

on the degree of contamination was more varied. As the water content decreased, 

contamination increased initially (from 3250 to 1750 moles), before then decreasing (from 

1750 to 1150 to 1000 moles). After another increase in contamination (from 1000 to 600 

moles) all contamination finally disappeared at 500 moles. For the MFI membrane the water 

content influenced the degree of intergrowth between individual zeolite crystals, nucleation 

and crystal size. Decreasing the water content resulted in an increase in nucleation, which 

lead to an increase in the amount of crystals with a decreased crystal size. 

Varying the ageing time of the precursor solution varied the ratio of homogeneous versus 

heterogeneous nucleation for hydroxysodalite. A decrease in ageing time lead to an 

increase in heterogeneous nucleation, while for the concentrated precursor solution (500 

moles) an increase in ageing time lead to a smoother morphology of the crystals. For MFI an 

increase in ageing time lead to less nucleation, thus larger crystals, while secondary 

nucleation occured at the longer ageing times. For both hydroxysodalite and MFI zeolite 

membranes an increase in the synthesis time lead to increase of crystal growth. 
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Another factor that affected the nucleation was the synthesis temperature. For 

hydroxysodalite, the molar oxide ratio influenced the outcome of synthesis temperature. 

When using 2500 moles water an increase in synthesis temperature lead to a decrease in 

nucleation that resulted in an increase in crystal size, while at 1000 moles water the crystal 

growth rate increased and the synthesis time decreased. Using 500 moles water an 

increase in synthesis temperature lead to an increase in nucleation which resulted in a 

decrease of crystal size. For the MFI membranes an increase in the synthesis temperature 

lead to an increase of secondary nucleation. 

The template combination of TPAOH and TPABr lead to an increase in crystal growth. For 

the MFI membrane, the silica source had a large influence on the crystal size and crystal size 

distribution. With fumed silica there was a single event of nucleation and a single crystal size 

distribution, contradictory to TEOS which had multiple stages of nucleation and a wide crystal 

size distribution. 

It is clear that there are some basic rules when synthesising zeolite membranes, but there 

are exceptions to the rule depending on the zeolite to be synthesised. To optimise a zeolite 

membrane, each critical component, namely the molar oxide ratio, chemicals and the 

different synthesis parameter for the specific membrane must be optimised. Further to 

repeatably obtain a specific zeolite membrane, each step has to be exactly the same for 

each synthesis. 

It was shown that the hydroxysodalite and the two high silica MFI membranes had good 

integrity. Hydroxysodalite had an ideal selectivity of 3.2 for He/N2 at 393 K and 1.0 bar 

transmembrane pressure that was above Knudsen selectivity (2.64 for He/N2), even though 

there were intercrystalline pores that lead to Knudsen diffusion. The MFI membrane made 

of fumed silica had an ideal selectivity of 433 for M-butane at 333 K and 1.0 bar 

transmembrane pressure while, the MFI membrane made of TEOS exhibited an ideal 

selectivity of 327 for n/i-butane at 378 K and 0.5 bar transmembrane pressure. Both these 

selectivities and permeance were high compared to that of literature (see Section 4.4.3.4a). 

The permeances through the three zeolite membranes were different as presented in Table 

5.2: 
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Table 5.2: Permeances through the three zeolite membranes at 298 K and 1 bar 

transmembrane pressure 

Membrane Permeance (mol/m2 .s.Pa) 

He N2 n-butane* /-butane* SF 6 

Hydroxysodalite 2.62E-06 9.18E-07 6.73E-07 5.95E-07 4.98E-07 

MFI (fumed silica) 2.05 E-07 5.10E-07 1.11 E-07 2.57E-10 1.22E-08 

MFI (TEOS) 1.58E-07 5.35E-07 1.29 E-07 5.12E-09 1.91 E-08 

* Permeance at 333 K 

The permeances of the gases through the hydroxysodalite membrane were higher than for 

the two MFI membranes. This higher permeance is due to the higher alumina content of the 

hydroxysodalite membrane that lead to a higher concentration of intercrystalline pores than 

present in the low Ai containing MFI membranes. The permeances of the gases through the 

MFI (TEOS) were higher than the MFI (fumed silica), except for helium. The ideal selectivity 

of the MFI membrane (fumed silica) was higher, suggesting a better integrity which lead to 

lower permeances. The better integrity was due to the lower alumina content of MFI 

membrane 1. 

5.2 Conc lus ion 

By varying the different parameters when synthesising zeolite membranes, a thin 

hydroxysodalite and high silica MFI membranes were synthesised by crystallising the zeolite 

into a continuous and defect-free intergrown layer on the surface of a macroporous a-

alumina support using a conventional oven. This is the first time that a hydroxysodalite 

membrane has been synthesised using a conventional oven. The MFI membranes have 

high ideal selectivities with high permeances. The high ideal selectivities obtained for the 

MFI membranes, confirm the suitability of the centrifugally casted a-alumina supports, with 

their smooth inner surface, for zeolite synthesis. 
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5.3 Recommendations 

The following aspects emerged from this study suitable for further investigations: 

• Pervaporation of the hydroxysodalite and MFI membrane with different ethanol/water 

combinations. MFI membranes are suitable for the commercial recovery of ethanol 

from a fermentation broth. 

• Adding a surfactant to the precursor solution of the hydroxysodalite membrane 

synthesis to decrease the amount of intercrystalline pores, which is essential when 

striving towards activated transport of gas molecules. 

• Study the catalytic properties of MFI membranes for reactions that are important in 

South-Africa's chemical industries. 

• Study the separation properties of MFI membranes with binary gas mixtures. 

• Optimising the template/water ratio to limit the amount of alumina leaching from the 

support and subsequently optimising the template/silica ratio to limit the leached 

alumina of growing into the crystal framework. This would result in an increased Si/AI 

ratio and decrease in intercrystalline boundaries. 

• Synthesising a silicalite-1 membrane on a stainless steel support with or without Ti02 

coatings, to improve the separation and permeance of the membrane. 
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APPENDIX A 
MOLAR OXIDE RATIO 

Chemicals: TEOS (99.8%) - Si04 

TPAOH (20%) 

TPABr (99%) 

Deionised water - H20 

Molar oxide ratio: 100 Si02:123 TPA: 63.7 OH: 14200 H20 

Calculate the amount of TEOS (g), TPAOH and TPABr needed for the synthesis: 

100 moles Si needed, thus 100 x 1 (Si in TEOS) x 208 g/mol (MM of TEOS) 

= 20800 g TEOS 

123 moles TPA needed in TPAOH, thus 123 x 1 x 203 g/mol (MM of TPAOH) 

= 12931.1 g TPAOH 

123 moles TPA-63 .7 moles TPAOH = 59.3 moles TPABr 

59.3 moles TPA needed in TPABr, thus 59.3 x 1 x 266 g/mol (MM of TPABr) 

= 15773.8 g TPABr 

Calculate the total amount of oxygen according to the molar oxide ratio: 

0 T =100 m o l x 2 x 1 6 g/mol = 3200 g O in Si02 

+ 63.7 mol x 1 x 16 g/mol = 1019.2 g O in TPAOH 

+ 14200 mol x 1 x 16 g/mol = 227200 g H20 

= 231419.2 g O 

= 14463.7 moles O 

The amount of oxygen contributed by the chemicals: 

= 4 x 100 in TEOS + 1 x 63.7 in TPAOH 

= 400+63.7 

= 463.7 

The remaining oxygen total in moles: 
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= 14463.7 0 T - 463.7 
= 14000 

The remaining oxygen has to be provided by the water, i.e. 

= 14000x18 

= 252000 g H20 

The amount (g) of chemicals thus needed for the synthesis: 

TEOS TPAOH TPABr H20 

20800 12931.1 15773.8 252000 

Change the water to 35.3 grams for smaller amounts and adjust the other chemicals 

accordingly. 

2.903 1.810 2.208 35.300 

But TPAOH consist of 20 % template and 80 % water, but 100 % template is needed. The 

80 % water in the template must be deducted from the total amount of water (35.3). 

2.903 9.051 2.208 28.040 

Appendix A 103 


