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Chapter 1 
 

Introduction 

 

 

 

 

 

1.1 Separation 

Chemical industry is essential to the global economy. Chemical industry converts raw materials 
like oil, metals, minerals water and even air into valuable products. Production of modern fuels, 
medicines, plastics, food, etc. is impossible without chemical processes. Considering the scale of 
chemical production worldwide, in current ecological and economic situation continuous improvement 
of chemical technologies is necessary to save energy and reduce emission of greenhouse gases, as well 
as other, harmful compounds.  

Usually, from 40 to 70% of both capital and operational costs of a modern chemical plant are 
related to separation and purification [1]. In principle, apart from auxiliary elements, any modern 
chemical plant consists of a reactor and a set of separators: to purify raw materials and final products, 
segregate unreacted feed from the product stream, etc. Thus, process intensification by applying more 
efficient separation methods is critical requirement for the sustainable development.  

In chemical engineering separation relates to any mass transfer process in which components of a 
mixture are separated into two or more product streams. The most ubiquitous physical separation 
technology is distillation. Distillation is a method for separation of liquid mixtures based on volatility 
differences of their components. Distillation is the primary process in the separation of crude oil into 
major useful boiling fractions such as gasoline, kerosene and diesel as well as lighter and heaver 
fractions. Another example is cryogenic distillation of liquefied air to produce nitrogen, oxygen and 
argon. In turn, water purification is the dominating membrane separation process; in this case 
discrimination is based on molecular (particle) size, as larger components of the mixture are retained. 
Many other separation methods exist making use of different properties of compounds to separate 
them. Table 1.1 summarizes some chemical separation techniques utilized in industry and on a 
laboratory scale. 
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Introduction 

 
Table 1.1. Overview of main separation processes with examples [2,3,4,5]. 
 

Process Separation basis Modification Example of application 

Distillation Volatility 

Fractional Petroleum processing 

Cryogenic Air separation 

Azeotropic Azeotropes breaking 

Steam/Vacuum Processing of temperature-sensitive 
compounds 

Chromatography 

Adsorption Gas, liquid Powerful analysis tool 

Ion exchange Ion Separation of charged molecules 

Permeation Gel permeation Fractioning of macromolecules 

Extraction Solubility Supercritical fluid Recovery of natural compounds 

Crystallization Precipitation 
Cooling Sugar production 

Melt/Fraction Separation of organic compounds 

Centrifugation Density 

Liquid Skimmed milk production 

Gas Separation of isotopes (UF6) 

Filtration Recovery of solids from slurries 

Electrophoresis Movement in 
electric field Gel Separation of DNA, RNA and proteins 

Membrane 
separation 

Adsorption Gas separation CO2/CH4, CO2/N2 separations 

Volatility Pervaporation Separation of water-organic mixtures 

Molecular size Reverse osmosis Water desalination 

This classification, even being very cursory, gives an impression how often separation processes are 
used in industry, science, medicine, etc. Certainly, one of the most promising versatile and energy-
efficient processes is membrane separation. Membranes are already widely applied for water 
treatment, ultra-high purity gases production, purification of bio-fuels, intensification of chemical 
reactions, etc. In the next section existing membrane separation types and processes will be discussed 
in more details.  

1.2 Membrane separation 

Membrane in the general sense can be defined as a barrier that separates and/or contacts two 
regions and controls the exchange of matter and energy between these regions [6]. The concept of 
semipermeable membranes that can separate chemical compounds with minimum work was already 
suggested in the middle of 19th century [7]. In 1906 Bechold prepared the first artificial ultrafiltration 
membrane by impregnating filter paper with a solution of nitrocellulose in glacial acetic acid [8].  
Since then many membrane types and related processes have been proposed, developed and 
commercialized. In 2012 the global market of membrane modules for water treatment and industrial 
uses was estimated to be $15.6 billion and expected to approach $25 billion in 2018 [9]. 

 

2 
 



Introduction 

1.2.1 Membrane processes 

All the existing membrane technologies can 
be divided into several categories, namely gas and 
vapor separation, pervaporation, (electro) dialysis, 
reverse osmosis, nanofiltration, ultrafiltration and 
microfiltration. The four latter technologies 
mainly deal with water and water-containing 
mixtures. Indeed, water treatment is one of the 
most important membrane applications. Table 1.2 
and Fig. 1.1 represent a short overview of existing 
processes.  

 

Figure 1.1. Retainment ranges of membrane processes 
for water treatment.

Table 1.2. Overview of membrane processes for water treatment [10,11,12,13]. 

Process 
Required 

pressure 
Retained substances Applications 

Reverse osmosis (RO) 10-150 bar Ions 
Desalination, production of food liquids  

(e.g. juices, syrups) 

Nanofiltration (NF) 5-10 bar Large ions, DOCs* Water softening 

Ultrafiltration (UF) 1-10 bar 
Viruses,  

macro-molecules 

Wastewater treatment, water disinfection (e.g. 

swimming pools),  

clarification of food liquids 

Microfiltration (MF) 0.2-5 bar 
Plankton, bacteria, 

suspended solids 
Water pre-treatment for further purification  

*Dissolved organic compounds 

The technologies for water treatment including dialysis (extensively applied for medical purposes) 
are well established with a developed market and excellent examples of commercialization. For 
instance, the reverse osmosis desalination plant in Ashkelon produces 330,000 m3 of potable water a 
day providing 13% of Israel’s national water demand [14].  

Gas separation and pervaporation processes are promising technologies currently under 
development. With pervaporation, a separation mode that combines permeation and evaporation, one 
can recover a desirable compound, even from rather diluted solutions. Examples of pervaporation are 
bio-fuel recovery from fermentation broths or organic solvents drying [ 15]. Gas separation is a 
technology with significant energy-saving potential e.g., for CO2 capture from flue and  natural gases, 
air separation, hydrogen separation from process streams, light alkane/alkene separation, shifting the 
equilibrium chemical reaction processes, etc. [16, 17].  

1.2.2 Membrane types 

Artificial membranes can be divided into four main groups: polymeric, inorganic, mixed-matrix 
and liquid membranes. Polymeric membranes are the most developed type dominating the global 
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membrane separation market. Breakthrough in polymeric membrane science occurred in the late 
1950s, when Loeb and Sourirajan prepared ultrathin asymmetric membranes [18]. In their method a 
mixture of cellulose acetate-water-acetone-Mg(ClO4)2 was deposited as a thin film on a glass plate 
and brought into contact with water at elevated temperature. Magnesium perchlorate, slowly diffusing 
through the cellulose acetate layer, created a porous layer with a dense “skin” on top. This first 
anisotropic membrane had excellent desalination performance [19]. Since then new approaches to 
prepare membranes by similar concepts were developed. This has culminated in the current 
technology of asymmetric high-flux polymer membranes with a dense layer thickness of few tens of 
nanometers. Additional advantages of polymeric membranes are their good processability (different 
geometries can be easily cast), economic competiveness, scalability and versatility (varying polymer 
properties different separations might be achieved) [20]. 

The separation mechanism of reverse osmosis, pervaporation and gas separation with polymeric 
membranes is based on solution-diffusion. This means that the permeating compound adsorbs on the 
membrane surface, diffuses through the free volume in between the polymer chains and desorbs on the 
other side [21]. In general, for such polymeric membranes permeability is inversely proportional to 
selectivity. This limitation is usually illustrated by empirical Robeson plots [22,23], which represent 
an upper bound of polymeric membranes separation performance for various gas pairs. Freeman 
explained theoretically the very existence of the upper bound, by means of transition state theory, and 
proposed ways to improve polymeric membrane performance. An ideal polymeric membrane would 
have optimal chain stiffness and inter-chain free volume in order to maintain high selectivity while 
increasing permeability [24].  

Despite the fact that polymeric membranes dominate the membrane market they suffer from 
several limitations such as the inherent permeability/selectivity trade-off, which limits membrane 
performance, and thermal and chemical instability, which limits the operation conditions window. 
Mixed matrix membranes (MMM) are produced by introduction of selective inorganic fillers into a 
polymeric matrix. The advantage of the MMM concept is a combination of the ease of polymer 
preparation with high selectivity and permeability of the filler. Several approaches have been proposed 
such as the use of carbon molecular sieves [25,26], zeolites [27,28] and metal-organic frameworks 
[ 29 , 30 ]. MMMs may show significant enhancement in gas separation over pure polymeric 
membranes. Thus, this concept is promising, especially for inorganic materials that are rather difficult 
to prepare as a closed film. Such issues as formation of interfacial imperfections and limited stability 
of the polymer matrix, however, constraints to a certain degree mixed matrix membranes 
development. 

Liquid membranes are thin semipermeable supported liquid films. Although these materials show 
promise, they suffer from stability issues just like polymeric membranes [31]. Some recent reports 
show the advantage of ionic liquids instead of conventional solvents. Ionic liquids have negligible 
vapor pressure and their separation properties may be tailored [ 32]. For instance, amino-groups 
containing ionic liquids are being developed for highly selective separation of CO2 from flue gas [33]. 
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However, the operational conditions range (pressure and temperature) of liquid membranes is 
generally limited as in case of polymeric membranes.  

Inorganic membranes are particularly interesting as usually inorganic materials can withstand high 
temperature and pressure and can also resist aggressive chemical treatment. Several materials have 
already been explored for the preparation of dense and porous inorganic membranes. Dense structures 
usually conduct only particular gases by solution-diffusion or mixed ionic-electronic conductivity 
mechanisms. Examples of such structures are thin metallic (palladium, vanadium, niobium, iron, etc.) 
films for recovery of hydrogen [34] and ceramic (perovskites, fluorites) for oxygen separation [35]. 
The advantages of dense inorganic membranes are high selectivity (approaching infinity for high 
quality membranes) and thermal stability. On the other hand, insufficient permeability and low 
chemical stability of dense membranes are their main drawbacks. Porous inorganic membranes 
(PIMs), including those made of carbon, amorphous silica, zeolites and metal-organic frameworks 
offer much higher fluxes at the expense of selectivity.  

Carbon membranes are prepared by conversion of polymer layers at high temperature in inert 
atmosphere (pyrolysis or carbonization). Films obtained by pyrolysis are called molecular sieve 
carbon (MSC) membranes and they separate gases by molecular size discrimination. This means that 
the smaller the gas molecule the faster it permeates through an MSC membrane. Films prepared by 
carbonization are of another type and called selective surface flow (SSF) membranes. This mechanism 
implies preferential adsorption followed by surface diffusion, meaning that from for instance a mixture 
of a hydrocarbon and hydrogen, hydrocarbon would be recovered and hydrogen rejected. The term 
H2-rejective is then employed to define these membranes. In general pore sizes of carbon membranes 
may be tuned by varying pyrolysis conditions and/or the polymeric precursor [36,37,38,39]. On the 
other hand, brittleness, generally random pore size distribution, and sensitivity to strongly adsorbing 
impurities are the drawbacks of carbon membranes. 

Silica membranes are generally thin amorphous silica oxide films possessing a network of 
micropores. Such films can be prepared by sol-gel or chemical vapor deposition (CVD) techniques 
[40,41,42]. The sol–gel method involves dip-coating of a porous substrate with polymeric silica sols, 
followed by drying and calcination. Applying this method, membranes with very thin selective layers 
(<100nm) can be reproducibly fabricated. The pore structure of sol-gel membranes is based on the 
packing of the particles and this fact may limit their selectivity. Applying CVD thin silica films on the 
surface or inside porous support can be grown by chemical reaction in the gas phase. Usually 
precursors for deposition of silica films are alkoxysilanes such as tetraethyl orthosilicate (TEOS), 
tetramethyl orthosilicate (TMOS) or 1,2-bis(triethoxysilyl)ethane (BTESE), State-of-the-art silica 
membranes are thin thermally stable supported films (few tens of nanometers) capable of separating 
gases and, in certain cases, liquids. Low hydrothermal stability is often a weakness of silica 
membranes, arising from surface silanols, which act as centers for water adsorption, and induces silica 
hydrolysis. Some methods including surface grafting (silylation) and doping with other oxides have 
been proposed to improve hydrothermal properties of amorphous silica [43 44]. A promising concept 
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is a direct synthesis of hybrid silica membranes by adding alkyl(tri-alkoxy)silanes to a starting 
mixture. Terminating alkyl groups unlike hydroxyls are hydrophobic and no hydrolysis takes place, 
even at aggressive conditions [45]. Another advantage of hybrid silica membranes is the possibility to 
tune separation properties by varying the length of hydrocarbon terminating chain [46]. For example, 
it was shown that a hybrid membrane with short terminating chains (C1-C3) could separate water from 
butanol, whereas the reverse could be done for a long terminating chain silica membrane (>C6).  

Metal-organic frameworks (MOFs) constitute a relatively new class of materials, which already 
have been extensively studied for membrane applications. MOFs are coordination polymers consisting 
of metal ions (clusters) interconnected by polytopic organic linkers to form ordered porous structures. 
The number of possible MOF structures is, in principle, limited by a synthetic imagination only, as 
there are myriads of cluster-linker combinations. Accordingly, it seems possible to tune structure 
properties for a particular separation. There are many excellent examples of MOF membranes 
preparation and application. The interested reader is referred to recent review papers describing in 
detail state-of-the-art techniques, concepts and achievements in the field [47, 48 49], although there 
may be limitations to their applicability especially due to their flexibility [50]. Some highlights are 
discussed below. In 2009 Bux et al. reported ZIF-8 (zeolitic-imidazolate framework) membranes by 
solvothermal synthesis on a titania support surface [51]. This membrane was one of the first examples 
of a MOF membrane exceeding Knudsen selectivity (square root of molar weights ratio) for gas 
separation. In particular, a H2/CH4 selectivity of 11.2 was achieved. The MOF layer was, however, 
thick (ca. 50 μm) and, consequently, the permeance was low. Hara et al. applied a counter-diffusion 
method to synthesize copper benzene tricarboxylate (Cu-BTC) membrane on α-alumina tubes. This 
elegant approach involving convection of the metal and linker solution from opposite sides of the 
membrane resulted in high-quality membranes displaying a H2/CH4 ideal selectivity of 153 and a H2 
permeance of 7-8 x 10-9 mol.m-2.s-1.Pa-1 at room temperature [52]. Kwon and Jeong synthesized a ZIF-
7 membrane by impregnation of an α-alumina disc support with a metal precursor solution followed 
by solvothermal synthesis in a ligand solution. Such membranes exhibit propylene permeance of 1.5-2 
10-8 mol.m-2.s-1.Pa-1 at an excellent propylene/propane mixture selectivity of 55 at room temperature 
[53]. Shah et al. prepared Cu-BTC and ZIF-8 membranes by so-called rapid thermal deposition, which 
is basically evaporation-induced crystallization. These films are produced rapidly in a reproducible 
manner with high quality as shown by H2/SF6 ideal selectivity of over 600 [54]. The authors argued 
that coordination chemistry of MOFs is fundamentally different from covalent chemistry of, for 
instance, zeolites and, hence, different crystallization techniques should be applied. In conclusion, 
MOF membranes possess great potential to be applied for many adsorption and membrane based 
separations, with the structural and synthetic versatility being the main advantage of these materials.  

1.3 Zeolite membranes 

Zeolites are crystalline microporous aluminosilicates of high thermal and chemical stability, their 

pores vary in the 0.3-2 nm size range, which makes them suitable for membranes fabrication. 
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1.3.1 Zeolites 

Zeolites and related materials are porous crystalline inorganic solids with pore sizes of molecular 
dimensions. The history of zeolite science started in 1756 when Cronstedt found that the mineral 
stilbite exhibits intumescence upon heating. He called this type of materials “zeolites” from the Greek 
ζεω (to boil) and λιθος (stone) [55]. Two centuries later Barrer reported the synthesis of quartz at 
hydrothermal conditions [ 56] and in 1948 by optimizing this procedure, he performed the first 
synthesis of zeolite having no natural analog, ZK-5 (KFI) [57,58]. Since then some 200 zeolite 
structures have been reported [59]. 

Chemically, zeolites are substituted silicates of group IA and IIA elements with formulas: 

𝑀2/𝑛 ∙  𝑇2𝑂3  ∙ 𝑦𝑆𝑖𝑂2 ∙ 𝑤𝐻2𝑂         (𝑤ℎ𝑒𝑟𝑒 𝑇 𝑖𝑠 𝐵, 𝐴𝑙,𝐺𝑎 𝑒𝑡𝑐)  

𝑇𝑂2  ∙ 𝑥𝑆𝑖𝑂2 ∙ 𝑤𝐻2𝑂                       (𝑤ℎ𝑒𝑟𝑒 𝑇 𝑖𝑠 𝑇𝑖,𝐺𝑒 𝑒𝑡𝑐) 
where n is the metal valence, y varies from 2 to infinity, 𝑥 varies from 1 to infinity and w represents 
amount of water contained in the pores of zeolite. Zeolites consist of SiO4 and TO4 tetrahedra 
linked in such a way that each tetrahedron shares an oxygen atom with each of its four neighbors. For 
trivalent heteroatoms (most often Al) each TO4 tetrahedron bears a net negative charge, which is 
balanced by an extra-framework cation (M). These cations are mobile and can be easily ion-exchanged 
[60].  

 
Figure 1.2. Examples of zeolite structures: CHA (SSZ-13, SAPO-34, Al PO-34); MFI (ZSM-5, silicalite-1, TS-1) and FAU 

(Zeolite X, Zeolite Y, SAPO-37). Oxygen atoms are shown red, T-atoms in yellow, rings defining pore openings in blue. 

Zeolite-like structures, for instance, aluminophospates (AlPO) and silicaaluminophosphates 
(SAPO) have similar structural but different chemical properties. All zeolite and zeolite-like materials 
have 3-dimensional, often open frameworks possessing cavities and pores. Pores are characterized by 
the number of T atoms in the ring that define a pore. A ring composed of 8 TO4 tetrahedron (8-
membered-ring, 8MR) is considered to be a small pore opening (~0.40 nm), a 10-membered-ring 
(10MR) a medium pore opening (~0.55 nm), while a 12MR is a large one (~0.74 nm). Some common 
zeolite structures are depicted in Fig. 1.2. 

Low-silica zeolites (Si/Al = 1) contain many exchangeable cations and find their application in 
ion-exchange, as water softening agents (in fact, currently the major application of zeolites), for 
removal of radioactive and heavy cations from water [61,62]. Another feature of aluminum-containing 
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zeolites is presence of acid sites within the framework. This fact has led to wide application of zeolites 
in catalysis. Zeolite catalysis mainly focuses on hydrocarbon conversion, such as processing of natural 
gas, crude oil and their derivatives [63]. For these purposes zeolites with lower aluminum content are 
used as more separated acid sites necessary. There are three types of acid sites in zeolites, namely 
Brønsted, Lewis and weak silanols; the schematic representation of these sites is shown by Fig. 1.3.  

Si
O

Al-
O

Si

H+

-H2O, high T

+H2O
 

Si
O

Al Si+

 

Si

OH

 

Figure 1.3. Different acid sites in zeolites, left-to-right – Brønsted acid site, Lewis acid site, silanol.  

It is accepted that conversion of hydrocarbons on acid zeolites involves carbocations; however, their 

definite role in the overall mechanism (e.g. transition states or intermediates) is not always clear [64]. 

Since reactions on zeolites take place within the micropores of molecular dimensions, shape selectivity 

arises [65]. The main mechanisms of shape-selective catalysis are illustrated by Fig. 1.4. Reactant 

selectivity is a process of excluding bulky molecules from entering the zeolite pores and, thus, from 

reacting. An example is the selective dehydration of 1-butanol and not that of the bulkier 2-butanol on 

zeolite Ca-A. This case led Weisz and Frilette to introduce the term “shape selectivity” in 1960 [66]. 

Transition state selectivity occurs when zeolite void surrounding reacting species may restrict 

formation of certain more bulky transition state configurations.  

 

Figure 1.4. Examples of shape selectivity in zeolite catalysis: (a) reactant selectivity, (b) transition state selectivity and (c) 

product selectivity. 

 A classic example is disproportionation of meta-xylene. Thermodynamically, mesitylene (1,3,5-
trimethylbenzene) is the most stable product but it is not observed among the catalytic reaction 
products in MFI zeolite. The reason for this, as depicted by Fig. 1.4 (b), is the fact that transition state 
leading to formation of mesitylene is bulkier and difficult to accommodate within MFI pores. Thus, 
the main product of meta-xylene catalytic disproportionation is pseudocumene (1,2,4-
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trimethylbenzene), as its transition state is less bulky. If reaction products have different diffusivity 
within zeolite pores, the fastest component is predominant in the product mixture. This phenomenon is 
called product selectivity and selective formation of smaller para-xylene in toluene methylation is its 
vivid example [67].  

All these useful properties make zeolites suitable catalysts for many industrially important 
catalytic processes. Most important is fluid catalytic cracking (FCC), a large scale process involving 
the conversion of long-chain hydrocarbons from high-boiling oil fractions into shorter molecules. 
Faujasite (zeolite Y, Si/Al = 2.5-3) is applied as active component in FCC catalysts since late 1960s 
[68]. Zeolite Y for FCC constitutes about 95% of the world consumption of zeolite catalysts [69]. 
Zeolite ZSM-5 (MFI) is a suitable catalyst for methanol-to-gasoline reaction (MTG) [70], production 
of para-xylene by isomerisation of xylenes [ 71 ] and toluene disproportionation [ 72 ]. 
Silicoaluminophosphate SAPO-34 and aluminosilicate SSZ-13, both having CHA topology, are used 
to catalyze methanol-to-olefins reaction (MTO), which, as the name implies, leads to formation of 
light olefins from methanol [73].  

Many research efforts are put into designing, modeling and optimizing performance of zeolite 
catalysts. The main issues are diffusion limitations and coke formation, which blocks micropores and 
leads to severe and fast deactivation of the catalyst. Recent breakthroughs in the field include 
preparation of hierarchical meso-micro-porous zeolite and zeolite-like structures [ 74 , 75 ]. These 
materials combine crystallinity, molecular sieving properties and acidity of microporous zeolites with 
more open texture of mesoporous structures. Formation of smaller [76] and thinner [77] microporous 
zeolite domains within mesoporous matrix has been shown to have prominent effect on zeolite 
catalysts performance, selectivity and lifetime.   

Zeolites, as materials possessing large accessible volume and pores of molecular dimensions, are 
widely considered for adsorption and membrane separation. Adsorption applications are exemplified 
by dewatering of organic compounds and, on the other hand, purification of drinking water [78,79], 
odor control [ 80], column fillers in chromatography, gas separation by pressure, temperature or 
vacuum swing adsorption methods [81,82] and gas storage [83,84,85]. In turn, zeolite membranes can 
separate various gas and liquid mixtures, based on adsorption selectivity and molecular sieving effect. 

1.3.2 Zeolite thin films and membranes: state-of-the-art and utilization 

Many framework types have been used for preparation of zeolite thin films. It should be noted that 
the application of zeolite layers is not limited to separation purposes [86]. Zeolite films have been 
proposed for catalytic macro- [87,88,89,90,91,92] and micro-reactors [93,94], gas sensors [95,96,97], 
controlled delivery of medicines [ 98], low-k dielectric films [ 99 , 100], as anticorrosive [ 101 ], 
antireflective [102] and heat transfer improving coatings [103]. Separation is, however, considered the 
main application of zeolite films and the majority of papers dealing with zeolite films are dedicated to 
the membranes and their separation performance [104]. Table 1.3 is a concise summary of the main 
zeolite structures that have been explored for membrane fabrication and corresponding separations. 
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Table 1.3. Short overview of main zeolite structures applied for membrane preparation. 

Type Pores, Å Channel 

system 

Structure Si/Al Separation examples 

SOD 2.8 “0D” H-SOD 1-10 Ultrapure water production 

CHA 3.8 3D 

SSZ-13 5-100 

CO2/CH4, CO2/air, etc. (MS+AS)1 

H2/CH4, H2/air (MS) 

Water/organics (AS+MS) 

SAPO-34 0.01-0.32 
CO2/CH4, CO2/air, etc. (MS+AS) 

H2/CH4, H2/air (MS) 

AEI 3.8 3D AlPO-18 03 CO2/CH4 (MS1) 

DDR 3.6 x 4.4 2D DD3R Pure silica CO2/CH4, CO2/air, etc. (MS) 

LTA 4.1 3D 
Zeolite A 1 Water/organics (AS+MS) 

ITQ-29 Pure silica Hydrogen/other gases (MS) 

MFI 5.3 x 5.6 3D 
ZSM-5 

Silicalite-1 
10-∞ 

Linear/branched hydrocarbons (MS) 

p-xylene/o-xylene (MS) 

Low alcohols (ketones)/water (AS) 

MEL 5.3 x 5.4 3D 
ZSM-11 

Silicalite-2 
10-∞ 

Linear/branched hydrocarbons (MS) 

Low alcohols (ketones)/water (AS) 

MOR 7.0 x 6.5 1D MOR 20-200 Water/organics (AS+MS) 

FAU 7.4 3D Zeolite X,Y 1.5-3 Propylene/propane (AS); CO2/air (AS) 

1separation mechanism: MS – molecular sieving, AS – adsorption selectivity; 2silicoaluminophosphate; 3aluminophosphate 

Currently the only commercialized application of zeolite membranes is de-watering of (bio-)alcohols 
[105]. This separation is mainly governed by adsorption selectivity, thus highly polar zeolite Na-A 
(LTA, Si/Al = 1) is used for preparation of hydrophilic, water-selective membranes. It was shown, 
however, that Na-A membranes contain many defects related to high Al content [106]. Caro et al. 
observed that gradual increase of Si/Al ratio from 20 to 600 in ZSM-5 (MFI) membranes strongly 
enhanced membrane quality [107]. This is explained by the fact that Al-rich zeolite crystals are 
strongly negatively charged and repel each other during growing, which leads to formation of defects 
in between the crystals and poor overall intergrowth. In turn, the defect surface, likewise Na-A 
crystals, is very hydrophilic, which facilitates selective transport of water. Accordingly, water 
selectivity in the order of 105-106 is often achieved by low-silica membranes, while in gas separation, 
where absence of defects is more important than adsorption properties, the Knudsen selectivity is 
rarely exceeded. To summarize, it is likely that the only application of low-silica membranes is the 
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separation of water from less-polar compounds. For genuine molecular sieving separation high-silica 
zeolite structures should be considered.  

The commercial application of high-silica zeolite membranes for pervaporation and gas 
separation, governed by molecular sieving, is currently hindered by high cost of membrane 
fabrication, especially due to the cost of the support. The superior stability and performance of zeolite 
membranes, however, make them a viable alternative to polymeric membranes and much scientific 
effort is put in this direction. There are many zeolite types already applied for membrane preparation. 
The main factors determining application of certain zeolite types are: 

i. Si/Al ratio – typically, increased Al content results in higher polarity and increased 
defect density. 

ii. Pore size - defines the size of molecules that are permitted to diffuse through. 

iii. Channel system – number of directions within the crystal available for diffusion of 
molecules, determines diffusivity and thus flux of target component through the 
membrane. 

1.3.3 Membrane supports: types and influence 

Zeolite membranes are usually prepared as supported thin films and the properties of porous 
support plays crucial role in the successful membrane preparation. A rigid inorganic support is 
necessary to make the thin membrane layer mechanically stable. The main requirements to be fulfilled 
by the support are high stability in hydrothermal and alkaline conditions, low diffusion resistance and 
an even surface. Porous supports for zeolite membranes are mostly made of ceramic materials (α-
alumina, titania, silica) or stainless steel, but examples of carbon [108], polymer [109], and even 
zeolite supports [110,111] are also available. The chemical thermal hydrothermal and mechanical 
stability of the support material is important as zeolite membranes are usually synthesized at elevated 
temperatures and hydrothermal conditions. Special measures should be taken to prevent leaching of 
the support material, as for instance Al from alumina support can be incorporated into the zeolite 
layer, which is, as discussed above, not always desirable. 

The driving force for permeation through any membrane is partial pressure gradient (or better the 
chemical potential difference). Hence, in the case of diffusion resistant support the pressure difference 
over zeolite layer (pfeed - pinterface) decreases as Fig. 1.5 (a) illustrates. Ultimately, since the driving 
force difference of two components through the whole membrane would be lower than through a 
zeolite layer only, overall flux and selectivity are reduced. The support influence becomes particularly 
crucial for thinner zeolite films. Due to the high flux through the zeolite layer itself the support should 
be very permeable to avoid the interface pressure buildup. Supports possessing high porosity and as 
large as possible pores are preferred, however, the support surface should be even, without 
microscopic roughness and imperfections to facilitate formation of a thin and defect-free zeolite layer.  

11 
 



Chapter 1 

  

Figure 1.5. Partial pressure drops over a zeolite membrane in 
case of high (a) and low (b) support diffusion resistance. 

Figure 1.6. Symmetric (a) and asymmetric (b) support 
structures. 

This condition practically limits the maximum support pore size to about 1 μm. An elegant solution for 
this problem is the fabrication of multilayered asymmetric supports, where a thin top layer provides 
the smoothness necessary for zeolite layer deposition and a thick bottom layer provides sufficient 
transport properties. Figure 1.6 illustrates two approaches of membrane support fabrication. The better 
properties of asymmetric supports are, however, compromised by higher production costs. Since the 
support may constitute up to 70% of total zeolite membrane cost [112], the production of cheaper and, 
at the same time, less diffusion resistant supports is vitally important for large-scale commercialization 
of zeolite membranes [113]. Another important issue is support geometry. Flat, tubular and hollow 
fiber configurations are usually considered. Flat supports are convenient for laboratory scale synthesis, 
as prepared membranes can be easily characterized in a non-destructive way. Tubular and especially 
hollow fiber supports, however, provide higher aspect ratio (surface-to-volume) and, thus, are more 
viable for industrial applications [114]. 

1.3.4 Preparation of zeolite membranes 

Two main techniques to prepare supported polycrystalline zeolite films: are in situ synthesis and 
secondary growth. In situ synthesis was the first method used to obtain zeolite membranes [115,116]. 
Typical synthesis mixture contains an appropriate silica source (e.g., colloidal silica, silicic acid, 
sodium silicate, tetraethyl orthosilicate (TEOS)), an alumina source (e.g., aluminum hydroxide, 
sodium aluminate), a structure-directing agent (e.g., amine, tetralkylammonium halide/hydroxide, 
crown-ether), base (e.g., alkali and/or organic base) and water. After the mixture is homogenized, 
normally by stirring, the gel is poured in autoclave vessel where the support is placed. During 
synthesis at elevated temperature zeolite crystals nucleate on the support surface and become 
intergrown upon crystallization. The main advantage of in situ synthesis is the lower number of 
preparation steps. 
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Top layer in situ growth Pore-plugging in situ growth Secondary growth 

   

Figure 1.7. Main methods of zeolite membranes preparation. 

Varying conditions allows obtaining of thin zeolite films on the support surface or infiltrated 
nano-composite membranes [ 117, 118]. The latter method is called pore-plugging and it allows 
preparation of remarkably thermally and mechanically stable membranes [119]. The pore-plugging 
method, however, has a drawback of low permeance as the effective thickness of the infiltrated 
membrane can be high [120,121].  

Another possibility to prepare zeolite films (quasi) in situ is the direct gel conversion method. The 
principle of the method is deposition (impregnation) of an aluminosilicate gel (dry or wet) on the 
support followed by crystallization [122]. Modification of this method is a direct conversion of 
supported amorphous silica layers into zeolite films. In this case the original layer acts as a silica 
source so that crystallization is directed to occur on the support surface [123,124]. 

The secondary growth method involves preparation of nanocrystals (usually 50-1000 nm) of target 
zeolite structure and deposition of these crystals as a thin layer on the support surface followed by 
hydrothermal synthesis in autoclave. Many approaches exist to deposit zeolite nano-crystals including 
dip-coating, filtration, rubbing, electrostatic and chemical deposition. Continuity, density and 
uniformity of seed layer often determine the quality of the final membrane. By secondary growth well-
defined and thin films may be crystallized, owing to the directed growth from the seed nano-crystals. 
Recently extremely thin films (~200 nm) were synthesized by secondary growth from MFI nano-sheet 
layers [125]. Ultra-thin membranes showed descent selectivity in p-xylene/o-xylene separation and the 
permeance through such a thin zeolite layer was similar to the permeance through a bare porous 
support. Furthermore, secondary growth approach may be applied to control orientation of zeolite 
films by deposition of pre-oriented seed layers [126]. As zeolite crystals are often anisotropic, the 
orientation of the film may play an important role in the overall membrane performance [127,128]. 

It can be concluded that, albeit involving more steps, secondary growth is often a more versatile 
and convenient way of zeolite films fabrication than the other methods. As an illustration Fig. 1.8 
provides a comparison between SSZ-13 (CHA) films synthesized on similar porous α-alumina 
supports at the same synthesis conditions in situ and by pre-seeding the support with SSZ-13 
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nanocrystals (ca. 120 nm). Thinner, more uniform and much higher quality membrane is obtained by 
secondary growth. 

  

Figure 1.8. SSZ-13 (CHA) films prepared by (left)  in situ and (right) secondary growth methods. 

The method of heating during membrane synthesis may affect properties substantially. Microwave 
heating is often reported to be more efficient than conventional heating for the fast production of 
zeolite films. Microwave (MW) heating has the following advantages: reduction of synthesis time by 
over an order of magnitude; uniformity of the product membrane; wider variation in chemical 
composition of the product. Possible reasons for improved properties using microwave heating are 
higher heating rates, more uniform heating, superheating of synthesis mixture, avoiding hot spots 
within the mixture, enhanced dissolution of the precursor gel and selective heating of particular 
reaction species [129]. In the synthesis of zeolite membranes application of microwave heating instead 
of conventional heating reduces synthesis time of Na-Y (FAU) membranes from 12 to 2 h [130], Na-A 
(LTA) membranes from 3 h to 15 min [131], MFI membranes can be prepared within 1 h [132] and 
SAPO-5 membranes just within 6 min [133]. In some cases, microwave heating also improves the 
selectivity of the synthesis towards the target zeolite structure and the uniformity and continuity of the 
layer [134]. Not always, however, MW heating can be used for the synthesis of a particular zeolite, for 
example, all attempts by the author of this thesis to synthesize high-silica SSZ-13 (CHA) crystals by 
MW were unsuccessful. 

1.3.5 Detemplation and post-synthesis modification 

Detemplation of as-synthesized zeolite membranes is an important issue. Synthesis of most zeolite 
structures, especially high-silica ones [135], requires use of an organic template, which is usually 
called the structure-directing agent (SDA). After synthesis these template molecules are occluded in 
the zeolite voids. In order to open the pores they must be removed. The conventional way of 
detemplation is calcination in air at 500-700 °C. Such an aggressive treatment, however, can lead to 
disruption of the zeolite layer. The main reason for this is the mismatch of thermal expansion 
coefficients (TCE) of the zeolite and the support material. Zeolites often exhibit peculiar negative TCE 
[136] in contrast to most of ceramic materials with positive TCE. Accordingly, accumulated stress is 
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released in the form of cracks on the membrane surface [137]. There are many methods proposed to 
avoid the temperature-induced defect formation, some important examples are: 

(i) Heating and cooling at low ramp rate (<1°/min) [138]. 
(ii) Preparation of films without an organic template (usually not applicable to high-silica 

zeolites) [139,140]. 
(iii) Detemplation in pure oxygen flow [141]. 
(iv) Treatment with ozone (allows detemplation at lower temperature, ca. 250°C) [142,143]. 
(v) Addition of intermediate layers (to minimize TCE mismatch) [144]. 
(vi) Rapid thermal processing [145,146]. 

It was argued by many authors that the thermal behavior of supported zeolite films during 
detemplation may depend on Si/Al ratio, layer crystallographic orientation, support material, etc 
[147, 148]. Hence, there is no universal procedure to safely detemplate zeolite membranes yet and this 
problem may be approached in different ways for any particular zeolite-support combination.  

Post-synthesis modification is a conventional way to alter properties or reduce the number of 
defects within the zeolite film. This includes chemical modification by grafting, making use of surface 
silanols, to turn the surface hydrophobic or affinitive to specific compound. Such a modification 
effects adsorption properties of zeolite and sometimes allows more selective separation [149]. Another 
approach is tuning the zeolite pore size by CVD of silica or carbon layers. Lin et al. tuned pores of 
MFI membranes by CVD of methyldiethoxysilane and observed dramatic improvement of hydrogen 
selectivity [150]. Post-synthesis modification can be also a way to decrease number of defects within 
zeolite film. Noble et al. applied soaking in cyclodextrin solution to block the defects, and since 
cyclodextrin molecules are too large to penetrate into zeolite pores they selectively blocked defects 
[151]. Similar methods including dip-coating with silica [152], silicone rubber [153] and CVD of 
silica within defects by counter diffusion [154] have been proposed. Another relevant approach is 
fabrication of poly-layer zeolite membranes in order to close defects in the first layer by another layer 
of the same material [155] or to combine desired properties of two different zeolite types in one 
structure [156].  

Post-synthesis modification is a useful method to adjust specific separation properties and to 
enhance overall quality of any zeolite membrane. Also post-synthesis treatment is a convenient way to 
overcome non-reproducibility, which is often inherent to zeolite membrane synthesis. 

1.3.6 Characterization of zeolite membranes 

Zeolite membranes may be characterized in numerous ways. X-ray diffraction analysis is usually 
used to determine crystal structure and orientation of the film. Sometimes, if not possible otherwise 
(e.g., for hollow fiber supported membranes), the zeolite powder formed on the bottom of the reaction 
vessel is analyzed. Scanning electron microscopy (SEM) is a conventional technique to study 
membrane morphology. Top view imaging provides information about the regularity of the film and 
the presence of microdefects, while the cross-section allows determination of the film thickness and 

15 
 



Chapter 1 

degree of the film intrusion into the support. High-resolution SEM (HR-SEM) may provide 
representative images of grain boundaries, defects and other features as small as few nanometers 
[ 157]. Due to problematic preparation of very thin samples necessary for transmission electron 
microscopy (TEM), this method is rarely employed for characterization of zeolite membranes. TEM, 
however, can provide valuable information about grain boundaries and other intercrystalline defects 
[ 158 ]. Fluorescence confocal microscopy (FCOM) is another technique capable of detecting 
membrane imperfections [159].  

Chemical composition of the zeolite layer can be determined by X-ray photoelectron spectroscopy 
(XPS) or energy-dispersive x-ray spectroscopy (EDX). The latter method is less accurate and should 
be employed cautiously. Another issue is interference of the Al signal from the support with the signal 
of Al in the zeolite framework. This problem may be solved by exchanging the zeolite into its Cs-form 
and measuring the Cs signal instead of Al, as Cs is known to exchange cations in the zeolites with 
appropriate pore size almost quantitatively yielding Al/Cs ≈ 1 [160]. Measurement of nitrogen (Ar, 
CO2) adsorption isotherm is a suitable method to access the micropore texture of a zeolite membrane. 
By applying adsorption data for a crystalline powder of a particular zeolite as a calibration 
measurement the quantity of zeolite material within the membrane can be estimated. Pore size 
distribution analysis may evidence the presence of micro- and meso-defects. [161].  

There are several permeation methods to test the quality of zeolite membranes. Usually, leak tests 
are performed before detemplation. As organic template is occluded in the pores of as-synthesized 
membrane it should be non-permeable before detemplation. The non-permeability of the membrane 
before template removal does not mean, however, absence of defects after detemplation as template 
molecules and amorphous silica left after synthesis may block some defects [162]. After template 
removal single-gas permeation is often applied to verify molecular sieving properties of detemplated 
membranes. Larger molecules, like SF6 or  triisopropyl benzene, are rejected from zeolite pores and 
ideal selectivity (ratio of permeation rates of permeable and rejected compounds) is often a good 
measure of membrane quality. The non-permeable compound should, however, be chosen with great 
caution. For example, SF6 (kinetic diameter 0.55 nm) was long considered not to fit within MFI pores 
(although there had been publications reporting SF6 adsorption on MFI [ 163 ]) and it was, 
nevertheless, shown to be capable of permeating through MFI membranes of even very high quality 
[164]. 

Currently the most informative and convenient way to estimate the defect density of a zeolite 
membrane is adsorption-branch permporometry as described in detail by Hendlund et al. [165,166]. 
The principle of this method is to block the zeolite micropores by an adsorbate (usually hydrocarbon 
or water) gradually increasing its relative pressure while measuring the flux of a non-adsorbing gas 
(usually helium or nitrogen). When the micropores are blocked, the residual gas flux corresponds to 
the defect contribution. With further adsorbate pressure increase, mesopores and some larger defects 
become blocked, which results in decreased gas flux as Fig. 1.9 illustrates.  
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Figure 1.9. Principle and typical curve of adsorption-branched pervaporation showing gradual closing of zeolitic and non-

zeolitic pores. 

Permporometry measurements are non-destructive, straightforward and provide indispensible 

information about membrane quality. Careful evaluation of permporometry data can provide 

concentration and even size distribution of existing defects. It should be noted that some compounds 

such as hexane, p-xylene and alcohols were shown to expand zeolite crystals in polycrystalline films 

upon adsorption and, consequently, block some defects [167]. This effect can distort permporometry 

measurements, thus, correct adsorbate choice is essential for proper analysis.  

1.3.7 Permeation mechanism and measurement 

Membrane separation data are usually reported in terms of permeance and selectivity. Permeance 
(P) of a compound i is defined as 

Pi =  𝑁𝑖

p1i −p2i
          (1) 

where N is the flux, p1 and p2 are pressures (or partial pressures in case of mixture separation) of 
compound i on feed and permeate sides of the membrane, respectively. Separation selectivity (α) 
towards component i in its mixture with component j can be defined as: 

αij =  𝑌
𝑖/ 𝑌𝑗

𝑋𝑖/ 𝑋𝑗
           (2) 

where X and Y are feed side and permeate side fractions of two compounds in the mixture.  
Selectivity calculated in this way is often called the separation factor. In turn permeation selectivity is 
defined as the ratio of measured permeances and it is somehow easier to interpret [168]: 

αij =  𝑃
𝑖

 𝑃𝑗
            (3) 

Fairly often single-gas permeation becomes a useful tool for membrane properties evaluation 
[169,170]. In this case the term ideal selectivity is applied to designate ratio of single-gas permeances 
of two compounds.  

Measured permeance depends on a technique applied for permeation experiments. Below some of 
the applied methods are highlighted (Fig. 1.10). In batch methods (a) and (b) transmembrane fluxes 
are measured by decay or uprise of the pressure on both sides of the membrane. 
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Figure 1.10. Measurement techniques applied for single compounds and mixture permeation experiments: (a) batch method 
with pressure decreasing at feed side; (b) batch method with pressure decreasing on permeate side; (c) steady with constant 

pressure gradient; (d) steady Wicke-Kalenbach (WK) applying sweep gas; (e) steady with recycling of liquid feed and 
vacuum on the permeate side to evaporate it. 

These techniques obviously can only be used for single-gas experiments. As pressures on both sides 
are approaching each other, batch techniques allow fast and comprehensive measurement of single-gas 
permeance at varying pressure drops. Steady state pressure techniques (c) and (d) can be applied for 
both single components and mixture measurements. If permeance is high enough to accurately 
measure the fluxes, technique (c) is the method of choice. If the permeance is low it is often not 
possible to measure the permeate flow accurately and a sweep gas is necessary. The Wicke-Kalenbach 
(WK) method is also used for vapor permeation experiments. The advantage of pressure difference 
measurement is absence of an auxiliary compound (sweep gas). It should be noted that sweep gas may 
also permeate through the membrane in the reverse direction and this back-permeation can disturb the 
measurement quality [171]. Finally, arrangement (e) is a conventional way to perform pervaporation 
experiments.  

Permeation through a zeolite membrane is generally controlled by diffusion of adsorbed 
molecules (surface diffusion) for adsorbing gases at moderate temperature and activated gaseous 
diffusion for non-adsorbing molecules at high temperature. The surface diffusion contribution can be 
represented [172], assuming Langmuir adsorption, as:  

Π𝑖
𝑠𝑢𝑟𝑓 .  𝑑𝑖𝑓𝑓. =  𝜌 ∙ 𝑞𝑠𝑎𝑡,𝑖 ∙ 𝑔 ∙  𝐷𝑖

𝑠,0 ∙ 𝑒𝑥𝑝 �
−𝐸𝑎,𝑖

𝑠

𝑅𝑇
� ∙ ∇ ln(1− 𝜃𝑖)  ∙ 1

𝑝𝑖,𝑟−𝑝𝑖,𝑝
,   (4) 

18 
 



Introduction 

where ρ - zeolite density, qsat - saturated concentration of adsorbed phase, g - geometrical factor, Ds - 
surface diffusivity, Ea - activation energy, R – universal gas constant, T – temperature,. Θ – 
occupancy, pi,r and pi,p – partial pressures of compound i on both sides of the membrane. 
The concentration of the gas in adsorbed phase reaches saturation at increasing pressure. Thus, at this 
point the surface diffusion flux does not increase further with increasing pressure drop. As the 
temperature increases at constant pressure the concentration of adsorbed component decreases and, 
apparently, so does the driving force. Thus, the contribution of surface diffusion decreases with 
temperature. In turn, activated gaseous diffusion can be defined [173] as:  

Π𝑖
𝑎𝑐𝑡.  𝑔𝑎𝑠.  𝑑𝑖𝑓𝑓. =  1

𝑅𝑇
∙ 𝑔
𝛿
∙ 𝑑 ∙  �8𝑅𝑇

𝜋𝑀𝑖
∙ 𝑒𝑥𝑝 �

−𝐸𝑎,𝑖
𝑔

𝑅𝑇
�     (5) 

where δ - membrane thickness, d - diffusion length, M - molar weight.  
This contribution does not depend on pressure and, being an activated process, increases with 
temperature. Another fact is that molecules significantly larger than zeolite pores cannot adsorb and 
diffuse through. From these considerations the main separation mechanisms for high quality zeolite 
membranes can be outlined: 

(i) Adsorption selectivity: if adsorption of one component is much stronger than of the 
others, it has higher surface coverage and blocks the transport of another component (e.g., 
ethanol/H2O in high-silica 10 MR membranes; H2O/organics in low-silica zeolite 
membranes). 

(ii) Diffusion selectivity: if one component is much smaller and its diffusivity is much faster 
through the zeolite pores (e.g., H2/CH4 in 8MR zeolite membranes). 

(iii) Size exclusion (molecular sieving): a special case of diffusion selectivity; if one 
component can scarcely or cannot at all permeate through zeolite pores (e.g., p-xylene/o-
xylene in MFI membranes). 

Combinations of these mechanisms are also possible, such as CO2/CH4 separation by 8MR CHA-
type membranes. In this mixture, CO2 is smaller than CH4 and it also has much stronger adsorption 
and, hence, two separation mechanisms coexist [174]. These considerations are, however, valid only 
for high quality zeolite membranes. If many non-zeolitic pores are present contributions of Knudsen 
diffusion, molecular diffusion, and even viscous flow can become significant and, eventually, ruin the 
membrane performance. 

1.3.8 Pervaporation, gas and vapor separation with zeolite membranes 

Multiple separations have been performed with zeolite membranes. Table 1.4 presents a brief 
overview of achieved progress in gas and vapor separation and Table 1.5 is dedicated to pervaporation 
results. Probably, the most studied zeolite membrane system is MFI (ZSM-5, silicalite-1). MFI has 3-
dimensional framework defined by 10MR pores and it is relatively easy to prepare in high-silica form. 
In fact, ZSM-5 is one of few zeolites that can be prepared with high Si/Al ratio without any organic 
SDA [175].  
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MFI membranes are applied for separation of linear hydrocarbons from branched ones, for separation 
of p-xylene from m- and o-isomers, which is challenging by conventional distillation. Significant 
progress has been achieved in synthesis of oriented MFI membranes and influence of particular 
orientation on separation properties was studied [176,177]. MFI membranes, however, cannot be 
applied for separation of light gases by molecular sieving because 10MR pores are larger than most of 
the permanent gases. 

Table 1.4. Performance of selected zeolite membranes in gas and vapor separation. 

Membrane/ 
Support Separation Permeance,  

mol.m-2.s-1.Pa-1 
Separation 
selectivity Remarks Ref. 

SAPO-34/ 
α-Al2O3 

CO2/CH4 1.6x10-6 70 Feed pressure 4.6 MPa [178] 

SAPO-34/ 
Al2O3-clay 

H2/N2 
H2/CO2 

9.0x10-6 18 
16 Oriented membrane layer [179] 

AlPO-18/ 
Stainless steel CO2/CH4 6.6x10-8 52-60 Feed pressure 0.14 MPa [180] 

DD3R/ 
α-Al2O3 

CO2/CH4 
3.0x10-7 

1.1x10-7 
200 
80 

Feed pressure 0.14 MPa 
Feed pressure 3 MPa [181] 

ZSM-5/ 
α-Al2O3 

O2/N2 6.7x10-7 3.9 Temperature -194°C [182] 

Silicalite-1/ 
Silica 

p-xylene/ 
o-xylene 1.0x10-8 600-1000 150°C, feed pressure  

0.32 + 0.32 kPa  [183] 

B-ZSM-5/ 
α-Al2O3 

n-butane/ 
i-butane 1.0x10-7 60 Si/B = 12.5 [184] 

Na-A/ 
α-Al2O3 

water/ethanol 
water/IPA 

1.7 (kg.m-2.h-1) 
1.0 (kg.m-2.h-1) 

>10000 
>10000 

110°C 
80°C [185] 

Na-A/ 
α-Al2O3 

H2/C3H6 2.0x10-7 40 100°C, Si/Al =1  
Support modification [186] 

ITQ-29/ 
α-Al2O3 

H2/CH4 2.3x10-7 5.8 200°C, 3 mol % steam  [187] 

Zeolite T/ 
Mullite CO2/N2 2.5x10-8 107 Ideal selectivity [188] 

K-Y/ 
α-Al2O3 

CO2/N2 
CO2/CH4 

8-10 x 10-7 70-100 
25-40 

Si/Al = 1.5 
Sweep gas [189] 

The size of 8MR pores (~0.38 nm) lies in the range of kinetic diameters of light gases (e.g., H2 0.29 
nm, N2 0.36 nm, CO2 0.33 nm, CH4 0.38 nm). Special attention is paid to carbon dioxide capture from 
flue gas (CO2/N2) and natural gas (CO2/CH4). Usually, these two processes are adjacent and 
membranes capable of separating CO2 from CH4 are also CO2/N2 selective. Falconer, Noble and co-
workers developed SAPO-34 membranes, exhibiting high CO2 permeance and CO2/CH4 separation 
factors [190,191,192]. The separation is based on both molecular sieving and adsorption selectivity. 
Natural and flue gases, however, contain water vapor and SAPO materials are generally hydrophilic. 
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Hence, the main drawbacks of SAPO-34 membranes are their tendency to adsorb water, leading to 
dramatic decrease of CO2 permeance [193], and low hydrothermal stability [194]. High-silica DDR 
membranes are hydrophobic and, therefore, less affected by water adsorption and stable in humid 
conditions [195], these membranes were shown to be CO2-selective, the permeance is, however, 
somewhat low, probably due to 2-dimensional nature of DDR channels [196]. Similar to DDR films, 
hydrogen-selective ITQ-29 (Al-free zeolite A) membranes are stable under humid and even 
hydrothermal conditions but selectivity needs to be improved [197]. As discussed in section 1.3.2, the 
quality and chemical stability of high-silica zeolite membranes is, usually, much higher than of low-
silica ones. That is why preparation of 3-dimensional high-silica zeolite membranes with 8MR can 
open a door to highly-selective molecular sieving of light gases. 

Table 1.5. Performance of selected zeolite membranes in pervaporation. 

Membrane 
Support 

Separation 
Flux,  

kg.m-2.h-1 
Separation 
selectivity 

Remarks Ref. 

SOD/ 
α-Al2O3 

ethanol/water 0.1 >1000000 30°C, 83% ethanol [198] 

DDR/ 
α-Al2O3 

water/ethanol 2.00 1500 100°C, 5% H2O [199] 

Na-A/ 
α-Al2O3 

water/ethanol 2.15 10000 75°C, 90% ethanol [200] 

CHA 
α-Al2O3 

water/ethanol 11.4 >60000 40°C, 50% ethanol [201] 

MOR, 
α-Al2O3 

water/methanol 1.32 2500 50°C, 85% methanol [202] 

Na-X 
α-Al2O3 

water/ethanol 3.40 300 65°C, 95% ethanol [203] 

Silicalite-1/ 
mullite 

ethanol/water 2.55 72 60°C, 10% ethanol [204] 

B-ZSM-11/ 
α-Al2O3 

methanol/water 
ethanol/water 

1.70 
0.93 

18 
42 

60°C, 5% alcohols [205] 

ZSM-5/ 
α-Al2O3 

p-xylene/ 
o-xylene 

0.14 40 
template-free synthesis 

50°C, 50% - 50% 
[206] 

NaY 
α-Al2O3 

methanol/benzene 
methanol/MTBE 

ethanol/cyclohexane 
ethanol/ETBE 

1.02 
1.70 
0.27 
0.21 

7000 
5300 
100 

1200 

50°C, 10% methanol 
50°C, 10% methanol 
60°C, 10% ethanol 
60°C, 10% ethanol 

[207] 

Pervaporation has the advantage of separating many liquid mixtures, which are difficult to separate by 
distillation or extraction, such as azeotropes or close-boiling mixtures. Since only a permeating 
fraction of a mixture is vaporized, the energy efficiency of pervaporation comparing to distillation is 
high [ 208], although in practical ethanol-water separation, vapor permeation is applied to avoid 
fouling by contaminants in the liquid.  Zeolite membranes due to their high chemical stability and in 
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some cases molecular sieving action are particularly interesting for use in pervaporation [209]. The 
most useful feature of zeolites for pervaporation is their hydrophobic/hydrophilic nature, which makes 
all kinds of water/organics separation possible. Generally, high-silica membranes applied for recovery 
of traces of organics from water, while low-silica membranes for dehydration of organic compounds. 
High-silica zeolites, with pores too small for organics to penetrate, can also be water-selective; in this 
case the separation becomes based on molecular sieving. Another possibility is seawater desalination 
by pervaporation through zeolite membranes. Decent salt rejections were reported for Na-A [210] and 
MFI membranes [211]. Higher chemical stability favors application of siliceous zeolite structures. For 
instance, Al-rich ZSM-5 (MFI) membranes were shown to have much lower operational stability 
rather than pure-silica silicalite-1 membranes with the same topology [212]. Although, separation of 
water-containing solutions is the main application of zeolite membranes in pervaporation, the 
separation of solely organic mixtures is possible. Both molecular sieving (xylene isomers separation 
by MFI membranes) and adsorption selectivity (ethanol /cyclohexane separation by polar Na-Y 
membranes) can take place in this case.  

1.4 Scope of the thesis 

Zeolite membranes are versatile materials with strong application potential in energy-efficient 
separation of gas or liquid mixtures. So far, industrial application of zeolite membranes is limited to 
the de-watering of organics (mostly bio-alcohols and iso-propanol), for which purpose low-silica 
hydrophilic membranes are used. Application of non-polar high-silica zeolite films for recovery of 
organics from aqueous solutions, which would enable continuous production of bio-alcohols by 
fermentation, is hindered by low fluxes and moderate selectivity of the present generation of 
membranes. This thesis is dedicated to synthesis, surface modification, physico-chemical 
characterization and separation performance evaluation of α-alumina zeolite membranes. The main 
aim of the study is to find ways to improve separation properties of zeolite membranes in two potential 
applications: (i) recovery of ethanol from mixtures with water and (ii) separation of light gases 
(mainly CO2/CH4, CO2/N2 separations). Emphasis is put on the use of inexpensive extruded 
membrane supports with rough surface and the industrially advantageous hollow fiber geometry. 

Chapter 2 deals with the synthesis of MEL zeolites membranes which show increased ethanol 
flux in the pervaporation of ethanol/water mixtures. without compromising the selectivity. The MEL 
zeolite membranes were prepared by a novel procedure and the synthesis was optimized. Zeolite MEL 
bears structural resemblance to zeolite MFI - the most studied zeolite structure for membrane 
preparation. The advantage of MEL is that it has a more open pore topology with only straight 
channels, which leads to higher fluxes through MEL membranes at similar selectivity compared with 
MFI membrane of similar thickness and quality.  

Another method to improve selectivity without compromising flux is reported in Chapter 3. 
Surface silylation of high-silica MFI and MEL membranes with triethoxyfluorosilane (TEFS) was 
studied. This simple modification renders the external zeolite surface hydrophobic, improving 
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membrane affinity for ethanol, as shown by increased ethanol/water separation selectivity. Additional 
permporometry and adsorption measurements were performed to investigate the influence of the 
silylation procedure in more detail. It was found that TEFS silylation has an additional advantage of 
increasing thermal stability of the zeolite film. Unlike other organosilanes containing hydrocarbon 
functional groups, TEFS can withstand high-temperature calcination, which is a conventional way to 
re-activate used zeolite membranes. 

Chapter 4 reports the preparation of novel high-silica SSZ-13 zeolite membranes and their 
performance in light gas separation. SSZ-13 is a zeolite with very open pore topology and small pores 
(0.38 nm), offering high adsorption and diffusion selectivity towards CO2. These properties allow for 
effective separation of CO2 from mixtures with N2 or CH4. The reproducibility of high-silica SSZ-13 
membranes preparation by the developed method has been verified. The quality of the SSZ-13 
membranes is determined by single-gas permeation and CO2/CH4 and CO2/N2 mixture separation. 
Additional CO2, CH4, N2 and H2O adsorption measurements and simulations were performed to 
elucidate the influence of such parameters as temperature, pressure and humidity on membrane 
separation performance. Finally, hydrothermal stability of high-silica SSZ-13 membranes was 
validated by a long (220 h) CO2/N2/H2O (10/10/1) separation test at 120 °C and 2 bar feed pressure.  

Further insight into the properties of SSZ-13 membranes is provided in Chapter 5. The influence 
of Si/Al ratio on membrane quality and separation performance was investigated. A comparison was 
made between polar membranes with high Al content, membranes with medium Si/Al ratio and nearly 
neutral membranes with less than 1% of Al in the framework. The influence of Al incorporation on 
separation performance and membrane quality is discussed. Separation of CO2/CH4 gas mixtures and 
de-watering of ethanol by pervaporation were used as model separations to test membrane quality and 
separation properties. Additional Ar, water and ethanol adsorption measurements were performed on 
the corresponding powders to study the influence of alumina content on polarity and textural 
properties of SSZ-13 zeolite.  

Chapter 6 is dedicated to the influence of the support properties on thermal behavior during 
detemplation and permeation properties of DNL-6 (RHO), SSZ-13 and ZSM-5 zeolite membranes. 
The membranes were prepared by hydrothermal secondary growth on the surface of α-alumina 
supports with similar geometry but different surface roughness. An unexpected relation between the 
support roughness and formation of thermally-induced defects (cracks) during template removal 
within the membrane layer was observed. The effect of different detemplation techniques (high-
temperature calcination in air vs. lower temperature ozonication), different zeolite layer thicknesses 
and zeolite types were also examined. In addition, the influence of support porosity and pore size on 
the overall permeance of the composite membranes was shown. Whilst such optimized procedures can 
detemplate SSZ-13 and ZSM-5 membranes successfully leading to good membrane performance, it 
was not possible to detemplate the RHO-based silicoaluminophosphate membrane films synthesized 
for the first time.  
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The main results of this study are discussed in the Summary and an outlook on the challenges 
ahead is given. 
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Synthesis and separation properties of an α-alumina-
supported high-silica MEL membrane 

 

 

Summary 

High-silica MEL membranes were synthesized on porous α-alumina hollow fiber supports by a 

secondary growth approach. During the synthesis optimization it was found that pH of initial reaction 

mixture plays a crucial role in preparation of membranes with low number of defects. The membrane 

quality was evaluated by permporometry, single-gas permeation and butane isomer separation. 

Comparison of the pervaporation performance of MEL membranes with an MFI membrane of similar 

quality and thickness shows that MEL membranes offer a higher flux in ethanol pervaporation at 

nearly similar selectivity. This finding is attributed to a more open topology of MEL structure 

consisting of intersecting straight channels in a- and b-directions. 
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Chapter 2 
 

2.1 Introduction 

Zeolites are employed in a wide range of technological settings [1,2]. Besides their dominant use as 
ion exchangers and in catalysis, they also have potential as membranes in separation processes [3-5] 
and catalytic membrane reactors [6] and as films in sensors [7]. It still remains challenging to prepare 
well-closed zeolite films for molecularly resolved membrane separations. Amongst others, zeolite 
films of BEA [8], CHA (SAPO-34) [9], DDR [10], LTA [11,12], MFI [13], SOD [14] and other types 
have been developed and evaluated. MFI membranes are one of the most studied, especially in the 
pure-silica form (silicalite-1). MFI is a zeolite belonging to the pentasil family. Its framework consists 
of intersecting straight and sinusoidal channels. Another member of the pentasil family is zeolite 
MEL, named silicalite-2 in its siliceous form, its framework is more symmetric, consisting of straight 
channels along the a- and b-axes. Both MFI and MEL molecular sieves have a 10-membered ring pore 
system with similar pore size of ~0.55 nm. Such a structure makes these zeolites suitable for some 
industrially important separations, e.g. organics recovery from fermentation broths, linear - branched 
hydrocarbons separation, etc. It has been pointed out by many authors that to recover organics from 
aqueous solutions by pervaporation fluxes, achieved so far, are insufficient to industrially apply 
hydrophobic MFI membranes for fermentation broths [15, 16]. On  the other hand, it is well known 
that the diffusivity in MFI in the straight channels is higher than in the sinusoidal channels [17, 18], 
and, accordingly, it is worthwhile to consider the construction of MEL membranes, instead of MFI 
ones, as higher fluxes may be anticipated.  

To the best of our knowledge, there are no reports to date about secondary growth synthesis, defect 
characterization and separation properties of thin high-silica MEL membranes and their comparison 
with silicalite-1 films of similar quality. Literature data on MEL membranes and thin films is rather 
scarce. Gardner et al. synthesized thick  MEL films on α-alumina support and tested them in n-butane 
and i-butane single permeation [18], the authors found that ideal selectivity was lower for MEL 
structure than for MFI. Authors explained that by slightly higher mobility of i-butane in the rounded 
MEL pores, although the mobility of n-butane was found to be the same in both structures. Li et al. 
prepared aluminum and boron-substituted MEL membranes by in-situ crystallization, which were 
evaluated in organic/water separation [19, 20]. They found that the MEL membrane had higher flux 
than MFI membrane at rather similar selectivity. Li et al. synthesized pure-silica MEL films for 
dielectric applications by dip-coating a suitable support in a suspension of silicalite-2 nanoparticles 
[21]. Lv et al. prepared silicalite-2 films by in-situ crystallization on a charcoal support, applying a 
conventional method for synthesis of silicalite-2 crystals [22], the separation properties of these films 
were not reported.  

Silicalite-2 crystals are typically hydrothermally synthesized from a ternary mixture containing 
tetrabutylammonium hydroxide (TBAOH), water and a suitable silica precursor, e.g. 
tetraethylorthosilicate (TEOS) [23]. This synthesis is carried out at relatively high pH, hence the 
growing crystals are likely negatively charged (as a result of deprotonation of surface silanols) and 
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could repel each other. This is disadvantageous for the intergrowth of a membrane layer, thus 
conventional approach to the synthesis of silicalite-2 single crystals is not directly transferable to the 
preparation of intergrown polycrystalline films. 

In this work thin high-silica MEL films were for the first time synthesized on α-alumina hollow 
fiber supports using a secondary growth method. By optimization of the synthesis procedure an MFI-
free and closed high-silica MEL membranes were obtained, which was then characterized by 
permporometry, single-gas permeation and butane isomers mixture separation. The performance of 
MEL membranes in recovery of ethanol from its diluted aqueous solution was compared to the 
performance of an MFI membrane of similar thickness, Si/Al ratio and quality. The membrane 
stability was evaluated by repeated permporometry experiment after completion of all the separation 
tests and calcination.  

2.2 Experimental 

2.2.1 Membrane preparation 

MEL membranes were obtained by the secondary growth method on the internal surface of 
symmetric α-alumina hollow fibers (300 nm pores, Hyflux). Supports were cleaned by boiling for 20 
min in the mixture of 1:1 mixture of H2O2 (30%) and HCl (37%). Both ends of the hollow fiber 
supports were coated with ceramic glaze (Keramikglasur, Germany). To ensure proper sealing, the 
supports were finally calcined at 1040°C for 20 min (ramp rate: 2°C/min). With the aim to obtain 
XRD pattern of the grown film, the same method was also employed to a porous α-alumina disc (200 
nm pores on the top layer, Fraunhofer, Hermsdorf). 

Seed crystals with an average particle size of about 120 nm were synthesized from a clear solution 
obtained by mixing tetrabutylammonium hydroxide (TBAOH, Aldrich), tetraethylorthosilicate (TEOS, 
Merck) and distilled water. The initial molar composition was 1 TBAOH: 3 TEOS: 36 H2O. The 
synthesis solution was aged overnight at room temperature. The crystallization was performed in a 
Teflon-lined stainless steel autoclave (120 ml) at 130°C for 72 h. The obtained crystals were washed 
by three cycles of centrifugation, decantation and redispersion. Further, nanocrystals were dispersed in 
water (to a solid content of ca. 2 wt%) and the pH of the resulting colloidal suspension was adjusted to 
3-4 by hydrochloric acid. Supports were dip-coated in the suspension for 10-15 sec. Coated supports 
were dried at 100°C overnight and then calcined at 500°C for 8 h in order to firmly attach the nano-
crystals to the surface.  

The clear solution for the secondary growth process had an initial molar composition of 1 TBAOH: 
3 TEOS: x H2O (where x ranges from 30 to 170). After vigorous stirring for about 5 h, the solution 
was poured in PTFE-lined stainless steel autoclave (45 ml) in which the pre-seeded supports, wrapped 
with PTFE tape, were placed vertically. Subsequently, the autoclave was placed in a preheated oven at 
150°C and kept there for 72 h. The resulting materials were washed by distilled water and dried at 
100°C overnight. Finally, the membranes were calcined at 550°C for 8 h (ramp rate of 1°C/min). 
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For comparative purposes, a MFI membrane was prepared by secondary growth process. The same 
α-alumina support as used in the MEL membrane preparation was seeded with silicalite-1 nanocrystals 
and after calcination subjected to secondary growth. The clear solution for secondary growth of the 
MFI layer had an initial composition of 1 TPAOH : 8 TEOS : 500 H2O. After 5 h of vigorous stirring 
the solution was filtered through 1 μm filter and poured in PTFE-lined stainless steel autoclave (45 
mL) in which the supports. Wrapped with PTFE tape, were placed vertically. Then the autoclave was 
put in preheated to 110°C oven and kept at this temperature for 24 h. The resulting membranes were 
washed by distilled water and dried at 100°C overnight. After the leak test membranes were calcined 
in artificial air flow at 500°C for 8 h with heating and cooling rates of 1°C/min. 

2.2.2 Characterization  

Scanning electron microscopy (SEM) images of synthesized membranes were taken without any 
coating on a FEI Quanta 200F scanning electron microscope operated at an accelerating voltage of 4 
kV. X-ray diffraction (XRD) patterns of the zeolite films supported by α-alumina discs and powders 
collected from the bottom of the autoclave were recorded on a Bruker D4 Endeavor Diffractometer 
using Cu Kα-radiation. Adsorption-branch permporometry were performed at room temperature with 
helium as non-adsorbing gas and benzene as adsorbate. The pressure difference was 0.5 bar and the 
desired relative pressure of benzene was achieved by diluting a saturated flow of benzene in He with 
pure He. For every membrane, fluxes at five different relative benzene pressures in the range 0 to 0.45 
were measured. Single-gas permeation tests were performed at pressure drop of 0.2-5 bar and 
temperature of 20-250°C. Butane isomers mixture separation was performed in pressure gradient 
mode at total pressure drop of 1 bar and temperature of 250°C. The composition of the feed and 
permeate mixtures was determined by online gas chromatograph (GC) equipped with flame ionization 
detector (FID). An Rtx-1.5u column was used to separate isomers. 

Pervaporation tests of ethanol-water mixtures were performed at 60°C. The pressure at the 
permeate side was adjusted to constant value of 10 mbar by a vacuum pump and a needle valve. The 
feed mixture was a 5 wt% solution of ethanol in water. This mixture was recirculated over the 
membrane at a rate of 10 ml/min. The permeate was collected in liquid nitrogen cooled traps. The 
composition of the mixture after separation was determined by online GC equipped with a thermal 
conductivity detector (TCD). An Rt®-Q-BOND column was used to separate water from ethanol. The 
permeation flux was determined by weighing the cold traps during the pervaporation test. 

2.3 Results and discussion 

2.3.1 Membrane synthesis 

During membrane synthesis optimization, it was found that the use of a seed layer is important to 
obtaining well-closed films. All the attempts to grow the layer without pre-seeding the support surface 
failed. TEM image and particle size distribution of prepared seed crystals are shown on Fig. 2.1 
Particles are composed of thin sheets and have an overall ellipsoid geometry with the mean size about 
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120 nm. The procedure for the seeding was also found to be critical. To obtain dense and thin seed 
layers dip-coating suspensions with low-pH were applied. It is important to note that a direct 
correlation was observed between the stability of the seed colloidal suspension and the thickness of the 
final seed layer – the less the suspension tends to sediment, the thinner the final layer. This trend was 
observed for both silicalite-1 and silicalite-2 suspensions.  

 

Figure 2.1. TEM image and particle size distribution of synthesized silicalite-2 seed crystals. 

Fig. 2.2 shows SEM images of the bare support surface and silicalite-2 seed coatings at pH 3, 7 and 
10. The seed layer obtained at a low or high pH from a stable colloidal suspension is very thin and 
dense, while at neutral pH the suspension sediments quickly (i.e. within about an hour) and the 
resulting layer is thick and full of cracks. The better film quality is related to the positive and negative 
charge of the zeolite crystals at low and high pH, respectively, resulting in their repulsion and 
consequently thin layer. At neutral pH nano-crystals attracts each other eventually leading to a thick 
layer that becomes non-uniform and full of defects upon drying. To summarize, low pH dip-coating is 
a simple and straightforward method to obtain dense and thin seed layers, which afterwards can be 
used for preparation of zeolite films by secondary growth. 

 
Figure 2.2. SEM images of α-alumina bare support surface (a); silicalite-2  seed layer formed by dip-coating at pH 3 (b); pH 

7 (c) and pH 10 (d). 
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The main challenge during secondary growth optimization was to find the proper dilution of the 
synthesis mixture. Fig. 2.3 presents XRD patterns of powders obtained at different dilutions, Fig 2.4 – 
XRD patterns of supported zeolite films and Fig. 2.5 shows the SEM images of prepared films. 

  
Figure 2.3. XRD patterns of powders formed in different 

synthesis mixtures at H2O/TBAOH ratio of (a) 30, (b) 100, 
(c) 140 and (d) 170. 

Figure 2.4. XRD pattern of MEL seed and film layers 
grown at H2O/TBAOH ratio of 100 and MFI reference film. 
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Figure 2.5. SEM surface and cross-section views of MEL layers grown on α-alumina hollow fiber at 150°C and 
H2O/TBAOH ratio of (a) 30, (b) 60, (c) 100, (d) 140, (e) 170 and (f) SEM images of the reference MFI film. 

At low dilution (TBAOH/H2O = 30-60) the membrane layer contains many cracks and defects. At 
high dilution (H2O/TBAOH= 140-170) the formation of MFI is observed from XRD patterns. Too 
high pH (low dilution) likely leads to the repulsion between the growing crystals, so that film quality 
is low since crystals are not intergrown. On the other hand, if the concentration of template is too low 
(high dilution), MFI formation is favored. Accordingly, it was found that the optimum mixture for 
secondary growth had the composition 1 TBAOH: 3 TEOS: 100 H2O. The SEM images and XRD 
patterns of the MEL membrane (MEL100) synthesized under these conditions do not contain any 
evidence of MFI formation. The membrane is visually well intergrown and free of micro-defects. It 
displays a nearly random orientation of grains in the membrane layer, which is about 4 μm thick. EDX 
analysis of the membrane layer indicated Si/Al ratio of 146, which implies some aluminum leaching 
from the support since the reaction mixture is virtually aluminum-free. The reference silicalite-1 
membrane synthesized on the same support has a similar thickness, Si/Al ratio (151) and nearly 
random orientation of the crystallites in a visually well-intergrown film, making it suitable for 
comparative purposes. 

39 
 



Chapter 2 
 

2.3.2 Membrane characterization by permporometry 

As-synthesized membranes contain template (TBAOH) molecules occluded in the MEL pores and 
hence should be impermeable prior calcination. The leak-test showed that N2 permeance is rather low, 
although it is clear that some defects exist in as-synthesized films (pre-calcination N2 permeance for 
ultra-high quality films prepared in our laboratory is usually in order of 10-10 mol.m-2.s-1.Pa-1). The low 
permeance through the non-calcined membrane does not imply that the quality of the final membrane 
will be high, because template molecules may also block permeation through amorphous gel regions, 
remaining after synthesis, and intercrystalline voids [24]. The most suitable way to estimate the defect 
density of a detemplated zeolite membrane is adsorption-branch permporometry as described in detail 
by Hendlund et al. [25, 26]. The principle of this method is to block the zeolite micropores by an 
adsorbate (e.g. benzene) through increasing its relative pressure while measuring the flux of a non-
adsorbing gas such as He. When the micropores are blocked (P/P0

benzene < 0.05), the residual flux 
corresponds to the flux through defects. With further benzene pressure increasing mesopores and some 
larger defects become blocked, which results in decreased He flux. Benzene was employed here as the 
adsorbate, because other compounds such as hexane, p-xylene and alcohols may expand zeolite 
crystals in polycrystalline films and, consequently, block some defects [27]. Permporometry curves for 
three MEL membranes synthesized according to the same optimized method are given in Fig. 2.6 The 
permporometry curve for the silicalite-1 membrane is given for comparison.  

Table 2.1. Results of pre-calcination leak tests (N2) and He permeance determination during permporometry experiments. 

Sample 
N2 permeance 

(10-7 mol.m-2.s-1.Pa-1) 

He permeance, 

P/P0
benzene = 0 

(10-7 mol.m-2.s-1.Pa-1) 

He permeance, 

P/P0
benzene = 0.5 

(10-7 mol.m-2.s-1.Pa-1) 

MEL-1 0.131 11.7 1.9 

MEL-2 0.062 7.3 0.9 

MEL-3 0.057 7.1 0.6 

MFI 0.148 3.6 0.3 

The similarity of the three curves for the MEL membranes shows the good reproducibility of the 
synthesis method. The He flux through the micropores constitutes ~85-90 % of the total flux, which 
indicates relatively high membrane quality, although the membranes are not defect-free. It should be 
noted here that the initial He permeance at P/P0

benzene = 0 for MFI and MEL membranes is quite 
different (Table 2.1). The flux through the MEL membrane is approximately two to three times higher 
than that through the MFI membrane. Given that the support and film thickness are the same and both 
films contain comparable concentration of defects and nearly randomly oriented crystals, the finding 
that the He flux is higher for the MEL membrane than for the MFI one may be attributed to the 
difference in the pore topology. 
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Figure 2.6. Adsorption branch benzene permporometry curves for three synthesized MEL membranes (closed symbols) and 

MFI membrane (open symbol) of similar thickness, orientation and quality. 

2.3.3 Membrane characterization by single gas permeation 

Fig. 2.7 shows the dependence of the single-gas permeance through membrane MEL-3 on pressure 
drop at room temperature. Fig. 2.8 illustrates the dependence of the permeance on temperature at a 
pressure drop of 0.5 bar. At all the conditions the permeance decreases in the order hydrogen > helium 
> n-butane > i-butane. The pressure drop dependence shows nearly constant permeance for all the 
gases, although there is slight increase of i-butane permeance. The temperature dependence shows 
more complicated behavior. While hydrogen, helium and n-butane display increased permeance with 
increasing temperature, the reverse holds for i-butane.  

To better understand these results, some theoretical considerations should be mentioned [24, 28-
30]. Generally, the flux through a real zeolite membrane can be described as the sum of fluxes through 
zeolite pores and defects. Permeation through zeolite pores is controlled by diffusion of adsorbed 
molecules (surface diffusion) for adsorbing gases, e.g. butanes, and activated gaseous diffusion for 
non-adsorbing molecules, e.g. He, H2. Permeation through defects is mainly governed by Knudsen 
diffusion (smaller defects) and viscous flow (larger defects). Permeance through zeolite pores 
increases with decreasing molecular weight and kinetic diameter (molecular sieving). Furthermore, 
permeance through zeolite pores does not depend on pressure drop for non-adsorbing gases and 
decreases with increasing pressure drop above saturation pressures for adsorbing gases. There is a 
different trend for permeation through defects. Defect permeance is almost independent of the kinetic 
diameter of adsorbates and increases with decreasing molecular weight. Besides, for small defects the 
defect permeance does not depend on pressure drop, where it increases with pressure drop for larger 
ones. Both contributions result in decreased permeance at increasing temperature.  
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Figure 2.7. Pressure drop dependence of single gas 
permeation through membrane MEL-3 at room temperature. 

Figure 2.8. Temperature dependence of single gas 
permeation through membrane MEL-3 at 1.5 bar. 

Applying these considerations to the results obtained, one concludes that the MEL membrane 
displays molecular sieve behavior, since n-butane (kinetic diameter 0.42 nm [31]) permeates faster 
than its branched isomer (0.5 nm [31]). This is the result of predominant diffusion in MEL pores 
(~0.55 nm). The fact that the permeance of all the gases is nearly independent of pressure drop implies 
negligible contribution of viscous flux. This is a pre-requisite for high-quality zeolite membranes. The 
temperature dependence of the permeance is more difficult to interpret. The general trend for 
hydrogen, helium and n-butane is slightly increasing permeance with increasing temperature, which is 
specific for activated diffusion in zeolite pores. However, i-butane permeance decreases with 
increasing temperature, which points to a considerable contribution of defect flow. This can be 
explained by the fact that kinetic diameter of i-butane molecules is close to the MEL pore size of and 
its diffusivity in zeolite pores is low. Accordingly, a larger fraction of the total i-butane flow originates 
from diffusion through defects. In conclusion, the single-gas permeation results are in agreement with 
permporometry and evidence that, although the synthesized MEL membranes are not defect-free, they 
have good quality and display molecular sieve properties. 

2.3.4 Butane isomers mixture separation and pervaporation performance 

MFI (silicalite-1) membranes are widely considered for separation of linear hydrocarbon isomers 
from branched ones. The optimal membrane MEL-3 was evaluated for separation of equimolar n-
butane/i-butane mixture at 250°C and total pressure drop of 1 bar. As expected, during mixture 
separation the membrane is selective towards n-butane. The permeation selectivity was ca. 8 at n-
butane permeance of 3x10-7 mol.m-2.s-1.Pa-1. This modest selectivity can be attributed to the influence 
of defects and, possibly, to the pore topology of MEL as suggested by Gardner et al. [18]. In brief, 
mobility of iso-butane is higher in MEL pores than in MFI pores, whereas the mobility of the linear 
isomer is similar in both structures. Thus, one predicts that the selectivity for linear/branched 
hydrocarbons separation by MEL membranes is lower than for MFI membranes.  
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Table 2.2 Permeation and pervaporation data for three synthesized MEL membranes and the reference MFI membrane  

Sample EtOH/H2O separation 

 

Total flux, kg/(m2h) 

MEL-1 9.13 4.60 

MEL-2 16.3 3.63 

MEL-3 17.2 3.60 

MFI 12.0 2.32 

Conditions: 60°C, 10 mbar, 5%EtOH / 95%H2O mixture 

Furthermore, the performance of MEL and MFI membranes in the pervaporation of a solution of 5 
wt% ethanol in water was compared. The hydrophobic nature of pure-silica zeolites allows for the 
separation of organics from their mixtures with water [32, 33]. This may find application in the 
removal of bio-alcohols from fermentation broths, rendering the process of bio-alcohols production 
continuous. The results of pervaporation tests are given in Table 2.2.  

Compared to literature data for ethanol removal from ethanol/water by hydrophobic MFI 
membranes, the selectivity of the prepared MFI and MEL membranes are moderate, whilst the fluxes 
are very good. For instance, Lin et al. reported a selectivity of 106 and a flux of 0.9 kg/(m2 h) for a 20 
μm thick silicalite-1 membrane [34]. Ikegami et al. reported a separation factor of 31 at a total flux of 
0.1 kg/(m2 h) for a stainless-steel supported silicalite-1 membrane [35], while Li et al. reported for a 
30 μm thick ZSM-11 (Al-containing MEL) a selectivity of 5.4 at a flux of 0.21 kg/(m2 h) [21]. The 
reason for the modest selectivity of the present membranes is thought to be non-selective permeation 
through defects in the membrane layer, as well as high resistance of the support layer. Thus, one can 
expect to be able to improve the selectivity by synthesizing higher quality MEL membranes with 
fewer defects on more permeable supports. The performance comparison between MEL and MFI 
membranes is consistent with the earlier findings in this contribution: although the separation factors 
for these membranes are very similar, the total flux through the MEL membranes is 1.5 – 2 times 
higher than through the MFI analog. This proves a significant influence of the zeolite pore topology on 
the membrane performance in pervaporation.  

2.3.5 Membrane stability 

After completion of all the separation experiments the membrane MEL-3 was calcined at 500°C 
overnight and tested again by permporometry. Fig. 2.9 displays permporometry curves for this 
membrane before and after permeation experiments. The result suggests reasonable stability of the 
membrane. Although the initial permeance of He in a repeated experiment was lower by ca. 20%, 
which points to blockage of some zeolite pores, no significant formation of new defects was observed. 
This can be explained by enhanced hydrothermal and chemical stability of high-silica zeolite. 
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Figure 2.9. Benzene adsorption-branch permporometry of membrane MEL-3 before (squares) and after (circles) all the 
permeation tests. 

2.4 Conclusions 

Continuous, thin and MFI-free high-silica MEL membranes were synthesized by secondary growth 
on α-alumina supports. Pre-seeding the support with silicalite-2 nanocrystals is important. Proper 
dilution of synthesis mixture also contributes to the formation of MEL membranes with a low defect 
density. Too high concentration of base leads to poorly intergrown film, while too much dilution 
favors formation of MFI zeolite. Comparing performance of MEL and MFI membranes of similar 
thickness, orientation and quality, it was found that MEL membrane offered higher fluxes, whilst not 
compromising selectivity for ethanol/water separation by pervaporation. Relatively modest selectivity 
was, however, obtained for n-/i-butane mixture separation, which is attributed to the different pore 
topologies, the MEL structure being more conducive to diffusion of the branched alkane than MFI 
one. This preliminary screening indicates that hydrophobic MEL membranes have potential for the 
removal of organics from the aqueous solutions. Gas permeation and permporometry experiments 
showed that defects, however, govern the permeation to a certain extent and further optimization of 
the synthesis procedure should be performed to obtain MEL membranes with fewer defects. This 
optimization might consist of applying higher quality supports, varying mixture composition and 
synthesis temperature. 
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Improving separation performance of high-silica zeolite 

membranes by surface modification with 

triethoxyfluorosilane 

 

Summary 

Treatment with triethoxyfluorosilane (TEFS) enhances the hydrophobic properties of high-silica MFI 

and MEL membranes synthesized by a microwave-assisted secondary growth method. The modified 

membranes show significant improvement in recovery of ethanol from ethanol/water mixtures by 

pervaporation. The TEFS treatment is also able to heal some intercrystalline defects in the zeolite 

membrane film. Additional physical-chemical characterization revealed that the external zeolite 

surface is selectively covered by the organosilane without blocking zeolite micropores. The grafted 

Si-F moieties are thermally and hydrothermally stable.  

 

 

This chapter was published in Micropor. Mesopor. Mater., 2014, 194, 24-30. 
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3.1 Introduction 

Effective separation is vitally important to the development of novel chemical processes with 
increased energy efficiency. For example, pervaporation, i.e. the combination of permeation and 
evaporation, allows efficient separation of azeotropes and close-boiling mixtures. Pervaporation can 
separate liquid mixtures by a membrane. Vaporization of the permeate provides the driving force for 
the separation and the retentate can be recycled. The energy efficiency of pervaporation is high, 
because only the permeating fraction of the mixture is evaporated [1,2]. A desirable application of 
pervaporation is separation of organics from aqueous solutions. Accordingly, hydrophilic membranes 
are used to dehydrate organics, while hydrophobic membranes find their application in recovery of 
alcohols, ketones, etc. from water. Along with polymeric membranes [3,4,5], zeolite membranes are 
widely considered for pervaporation purposes [6,7,8,9]. The advantages of zeolites over polymers 
include high crystallinity, uniformity of the pores and chemical, mechanical, thermal and 
hydrothermal stability.  

High-silica zeolites, such as MFI and MEL, are hydrophobic and can selectively adsorb organic 
compounds, whose diameter is small enough to enter the micropores, from aqueous mixtures. One 
important future application would be the recovery of bio-alcohols from fermentation broths. 
Fermentation is a process usually inhibited by products, which is typically operated in batch mode 
[ 10]. The use of an organic-selective membrane in combination with a fermentor would allow 
continuous operation [11,12 13]. In addition, such a separation-enhanced fermentor would be more 
energy-efficient, because less separation steps are necessary to obtain a concentrated alcohol stream.  

Zeolite membranes are mainly synthesized by secondary growth, from (non)-oriented layers of 
zeolite crystals [14]. High-silica MFI and MEL membranes for separation of ethanol, butanol and 
acetone from water have been described before [15]. Table 3.1 shows selected data of pervaporation 
through high-silica MFI and MEL membranes. The significant variance within these data is due to the 
widely different experimental conditions (temperature, pressure on the permeate side, concentration of 
feed) and membrane properties (number of defects, Si/Al ratio, thickness, preferred orientation of 
zeolite layer, support material and its resistance). Currently, many efforts are made to turn high-silica 
zeolite membranes into commercially attractive technology for recovery of bio-products from water. 

Recently, Kuwahara et al. published a series of papers dedicated to hydrophobic modification of 
zeolite and mesoporous silica materials with triethoxyfluorosilane (TEFS) [16,17,18,19]. This simple 
treatment renders an initially hydrophilic surface hydrophobic by replacing silanols with Si-F groups, 
as Fig. 3.1 schematizes. The authors argued that the zeolite modification did not result in significant 
blocking of micropores. The main advantage of the use of triethoxyfluorosilane is the high thermal 
stability of Si-F groups, which allows processing of the modified materials at high temperature (>500 
°C) without loss of hydrophobicity. As usually oxidative treatment like calcination is a viable 
approach to re-activate zeolite membranes, silylation with TEFS is preferred over organosilanes, 
containing hydrocarbon groups, which are typically decomposed at lower temperature [20, 21].  
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Table 3.1. Typical performance of high-silica 10MR zeolite membranes in separation of water-alcohol mixtures. 

Membrane Support Feed Flux, kg.m-2.h-1 
Separation 

factor 
Ref. 

MFI tubular, mullite ethanol, 5% 0.9 106 [22] 

MFI capillary, α-Al2O3 ethanol, 5% 1.5 54 [23] 

MFI  tubular, α-Al2O3 ethanol, 9.4% 2.1 1.3 [24] 

MFI tubular, silica ethanol, 3% 0.66 69 [25] 

MFI flat, α-Al2O3 ethanol, 10% 10.7 4.2 
[26] 

MFI flat, α-Al2O3 butanol, 3% 6.3 7.0 

MFI tubular, α-Al2O3 butanol, 1% 0.04 465 [27] 

MFI tubular, α-Al2O3 butanol, 2% 0.2 150 [28] 

MEL tubular, α-Al2O3 ethanol, 5% 0.9 42 [29] 

MEL hollow fiber, α-Al2O3 ethanol, 5% 3.6 17 [30] 

In this work, MFI and MEL films of different thickness and quality were synthesized by a protocol 
including surface dip-coating with nano-crystals and microwave-assisted secondary growth. To 
increase the hydrophobicity, the resulting membranes were treated with TEFS. The membranes were 
characterized by permporometry, scanning electron microscopy (SEM), X-ray photoelectron 
spectroscopy (XPS) and tested for their separation performance in the recovery of ethanol from water 
by pervaporation. The stability of the modified membranes was verified. The TEFS grafting process 
was investigated in more detail by a model study on silicalite-1 powder using XPS, X-ray diffraction 
(XRD), Ar adsorption-desorption and water and ethanol adsorption measurements. 

3.2 Experimental 

3.2.1 Membrane preparation and TEFS-treatment 

MFI and MEL high-silica membranes were prepared by microwave-assisted secondary zeolite 
growth on the inner surface of symmetric α-alumina hollow fibers (Hyflux CEPAration). The fibers 
have an average pore size of 300 nm, a total porosity of 25%, inner and outer diameters of 1.8  and 2.8 
mm, respectively, and a permeate length of 30 mm. Hollow fibers were used, because they offer a 
higher aspect ratio than tubular and flat supports. Prior to membrane synthesis, the fibers were cleaned 
in a boiling mixture of 1 HCl : 1 H2O2 : 6 H2O solution for 30 min, followed by thorough rinsing with 
deionized water and drying overnight at 140 °C. Both ends of hollow fiber supports were coated with 
ceramic glaze (Kera Dekor 5602, UHLIG, Horst-Uhlig-Strasse 3, 5449 Laudert, Germany) for sealing 
purposes. The main components of the applied glaze are silica, alumina barium and lead. Ceramic 
glaze was mixed with water (1:1 by weight), thoroughly stirred, and then the obtained viscous mixture 
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was deposited on the support edges by brush. Afterwards the glazed supports were fired at 1040°C for 
20 min and a ramp rate of 2°C/min. 

Silicalite-1 seed crystals with a mean particle size of about 100 nm were synthesized from a clear 
solution obtained by mixing 25.6 g of tetrapropylammonium hydroxide (TPAOH, 40%, Merck) and 
30.0 g of distilled water followed by addition of 36.9 g of tetraethylorthosilicate (TEOS, Merck) 
dropwise. The initial molar mixture composition was 1 TPAOH: 3.5 TEOS: 50 H2O. The synthesis 
solution was aged overnight at room temperature. The crystallization was performed in Teflon-lined 
stainless steel autoclave (120 ml) at 150 °C for 72 h. Silicalte-2 seed crystals with a mean particle size 
of 150 nm were prepared by a similar procedure from a clear solution containing 40.0 g of 
tetrabutylammonium hydroxide (TBAOH, 40% Sigma-Aldrich), 15.0 g of distilled water and 38.7 g of 
TEOS. The molar composition was 1 TBAOH: 3 TEOS: 36 H2O. The synthesis solution was aged 
overnight at room temperature under continuous stirring. Crystallization was performed at 130 °C for 
72 h. The resulting nano-crystals of these two zeolites were washed by three cycles of centrifugation, 
decantation and redispersion. The final seed suspensions were diluted with water to a solid content of 
ca. 2% and had pH of about 8. The pH was further adjusted until about 3-4 by a small amount of 0.27 
M HCl solution. 

The seed crystals were coated on the inner support surface by dip-coating. This process was 
performed by flowing the seed crystals suspension (peristaltic pump) in contact with vertically placed 
supports. The coating suspension was first moving up and then down, this cycle was repeated three 
times and the total coating time was 10-15 s. After coating, supports were dried at 100 °C overnight 
and calcined at 500 °C for 8 h in order to firmly attach the nano-crystals to the surface. 

The clear solution for secondary growth had an initial composition of 1 TPAOH: 8 TEOS: 500 
H2O and 1 TBAOH: 3 TEOS: 100 H2O for MFI and MEL films, respectively. After vigorous stirring 
for 5 h the solution was filtered through a 1 μm syringe filter and poured in Teflon-lined vessels (45 
ml) in which the supports wrapped by PTFE tape were placed vertically. Then, the vessel was placed 
in a microwave oven (MicroSYNTH ETHOS One, Milestone) for 12 h at the desired temperature (110 
°C – membranes MFI-110; 130 °C – MFI-130; 150 °C – MFI-150 and MEL-150) with a maximum 
power of 1000 W in continuous power mode. The resulting membranes were thoroughly washed with 
deionized water and dried at 100 °C overnight. After a leak test the membranes were calcined in 
artificial air flow at 550 °C for 8 h at a heating rate of 0.2 °C/min. 

Silicalite-1 crystals with a mean particle size of about 1 μm were synthesized for characterization 
purposes in the same manner as the membranes, i.e. at 150 °C for 12 h with addition of silicalite-1 
seeds (2 wt%). 

Prior to membrane and zeolite powder silylation the materials were pretreated by soaking them in 
an 2:1 v/v ethanol-water mixture overnight followed by drying at 100 °C for 3 h to clean the surface 
and activate the hydroxyl groups [31]. Pretreated materials were modified by treatment with a 50 mM 
solution of triethoxyfluorosilane (TEFS, Agfa) in acetonitrile (VWR). In case of powder, modification 
was performed in glass flask for 5 h at room temperature under intensive stirring. In case of 
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membranes the solution was pumped through the fibers by a peristaltic pump in a recycling regime for 
the same duration. Finally, modified materials were dried at 100 °C overnight and calcined at 550 °C 
for 8 h with heating and cooling rates of 1 °C/min. For some membranes the whole treatment was 
repeated to investigate the possibility of further altering of the properties. 

 
Figure 3.1. Scheme of surface grafting by triethoxyfluorosilane (TEFS). 

3.2.2 Characterization of membranes and powder samples 

The MFI and MEL membranes supported by α-alumina hollow fibers were characterized by 
benzene permporometry, ethanol/water separation (pervaporation), SEM and XPS.  

The quality of the membranes was evaluated by adsorption-branch permporometry with helium as 
non-adsorbing gas and benzene as adsorbate at room temperature. Pressure difference was 50 kPa and 
desired relative pressure of benzene was achieved by diluting the flow with pure helium, and 
controlling the temperature of saturator. For every membrane 3-5 points corresponding to relative 
pressures of benzene from 0 to 0.5 were measured. 

Pervaporation tests were performed with the conventional setup. Pressure on the permeate side was 
adjusted to ca. 1 mbar, temperature to 60°C and mixture composition was 5 wt% ethanol – 95 wt% 
water. Composition of the permeate after separation was determined by on-line GC equipped with 
TCD. A Rt-Q-BOND column was applied to separate ethanol from water. The separation factor (α) is 
defined as: 

𝛼 =
𝑋𝑤𝑎𝑡𝑒𝑟/𝑋𝑒𝑡ℎ𝑎𝑛𝑜𝑙
𝑌𝑤𝑎𝑡𝑒𝑟/𝑌𝑒𝑡ℎ𝑎𝑛𝑜𝑙

 

where X and Y are weight fractions of corresponding components before and after separation 
respectively. The permeate was cooled and collected in liquid nitrogen traps and the flux (kg.m-2.h-1) 
was determined by weighing the traps in the course of pervaporation test. Microscopic characterization 
of zeolite layers on a-alumina support was performed on a FEI Quanta 200F scanning electron 
microscope at an accelerating voltage of 5-12 kV. Surface chemical composition and Si/Al atomic 
ratios of membranes and modified crystals were analyzed by X-ray photoelectron spectroscopy on a 
Thermo Scientific K-alpha XPS equipped with a monochromatic Al Kα X-ray. The surface chemical 
composition was calculated applying relative atomic sensitivity factors of detected elements. 
Crystallinity of powder samples was verified by recording XRD patterns by a Bruker D4 Endeavor 
Diffractometer using Cu Kα-radiation. Argon adsorption-desorption measurements were carried out at 
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-186 °C on a Micromeritics ASAP-2020 apparatus. The t-plot method was applied to calculate 
micropore volume of the zeolite powders.  

To determine water and ethanol adsorption capacities of studied materials adsorption tests were 
performed by applying gravimetric method on custom designed home-built setup based on a Mettler 
Toledo TGA/DSC. The zeolite powder sample in a TG crucible was pretreated at 250 °C for 30 
minutes in the flow of dry helium and then cooled down to 25 °C, while the sample was exposed to a 
flow of helium saturated with adsorbate (either water or ethanol). The weight increase during cooling 
is equal to the amount of adsorbate adsorbed on pre-weighed powder at a certain vapor pressure. The 
relative vapor pressure of adsorbate was adjusted by varying the temperature of the saturator and the 
proportion of dry helium.  

3.3 Results and discussion 

3.3.1 Membrane synthesis 

Fig. 3.2 shows representative SEM images of detemplated MFI and MEL membranes. The thickness 
of MFI films increases with the hydrothermal synthesis temperature and varies from ~0.5 μm for 
membranes synthesized at 110 °C to 5 μm at 150 °C. The thickness of the MEL membrane is about 3 
μm. It was recently shown that synthesis of MEL under stirring often results in MEL-MFI intergrowth 
[32, 33]. Therefore, we applied static conditions in order to obtain pure MEL films as was previously 
described [30]. In accordance with literature, it was found that microwave synthesis allows fast and 
reproducible preparation of uniform films [34, 35]. The Si/Al ratios of the films derived from XPS 
analysis (Table 3.2) indicate that some aluminum incorporation takes place during synthesis. This 

must be the result of Al leaching from the α-Al2O3 support as the synthesis mixture itself is free from 
Al. The incorporation of Al in the membrane is unwanted, because it results in hydrophilicity of the 
membrane and decreased performance in pervaporation. Each Al atom in the MFI framework, in 
principle, results in additional adsorption of four water molecules [36]. It was found that the amount of 
Al incorporated in the zeolite membranes increased with synthesis temperature and almost did not 
depend on the base used for the synthesis (TPAOH or TBAOH). According to the SEM observations 
all the as-synthesized membranes are visually well-intergrown, uniform and free of cracks and micro-
defects. It is well-established, however, that only very high-resolution microscopy techniques can be 
evidential for absence of defects [ 37 ]. Hence membrane quality was further evaluated by 
permporometry and the results are given in Table 3.2. MFI membranes synthesized at 150 °C 
exhibited the smallest number of defects as the He flux at benzene relative pressure of 0.5 constitutes 
only 1-3% of the total flux. Other MFI and MEL membranes demonstrated somewhat lower quality, 
i.e. these membranes contained more defects. This is mostly related to the use of symmetric supports 
with a rough surface, requiring the preparation of rather thick zeolite layers to effectively close all the 
support imperfections. The variation in the membrane quality was employed to determine the role of 
silylation in enhancing membrane performance. 
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Figure 3.2. SEM top (left) and cross-sectional (right) views of MFI membranes synthesized for 12 h at 150 °C (a); 130 °C 

(b); 110 °C (c) and MEL membranes synthesized for 12 h at 150 °C (d). 

3.3.2 Silylation by TEFS 

The main purpose of the present paper is to explore the possibility of improving hydrophobicity 
and, accordingly, ethanol-water separation performance of high-silica zeolite membranes by silylation. 
To better comprehend the silylation process, additional physico-chemical characterization was 
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performed on triethoxyfluorosilane (TEFS) treated films and silicalite-1 powder. Fig. 3.3 shows a 
representative SEM image of silicalite-1 crystals synthesized for these experiments having an average 
size of 0.5 μm.  

 
Figure 3.3. SEM image of silicalite-1 crystals synthesized for characterization purposes. 

First, depth-profile XPS analysis of the TEFS-treated film was performed to observe the spatial 
distribution of fluorine. Before TEFS treatment, no fluorine was detected on the membrane surface. 
The initial atomic fraction of fluorine atoms on the modified surface estimated to be ~15%. (Fig. 3.4). 
Fig. 3.5 shows that after TEFS treatment the fluorine is mostly present in the surface region. 
Consecutive sputtering steps resulted in a significant decrease of the fluorine signal. TEFS molecule is 
too large (~0.75 nm) to penetrate into the 10MR pores of MEL and MFI zeolites, which have a size of 
about 0.55 nm. The XPS results evidence the effectiveness of the grafting procedure for silylation of 
the zeolite surface. The resulting Si-F groups are thermally stable as the silylated materials were 
calcined at 550 °C after TEFS treatment. This high thermal stability is an advantage as compared to 
carbon-containing silanes, because the latter will decompose at much lower temperatures (200-350 °C) 
reforming silanol groups [38,39,40].  

  

Figure 3.4. XPS survey spectra of MFI-130 type membrane 
(a) before and (b) after TEFS modification. 

Figure 3.5. Fluorine narrow scan XPS spectra of TEFS-
treated film (MFI-130) with sputtering times of (—) 5 sec, 

(---) 20 sec and (–·–) 3000 s. 
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To examine the influence of TEFS treatment and subsequent calcination on the zeolite structure, 
XRD patterns of blank and TEFS-treated powders were recorded (Fig. 3.6). 

  
Figure 3.6.. XRD patterns of parent and TEFS-treated 

silicalite-1 powders. 
 

Figure 3.7. Ar adsorption-desorption isotherms of silicalite-1 
powder before and after TEFS treatment. 

 

Both samples are highly crystalline and no evidence of amorphous silica formation was found 
following silylation. Ar physisorption isotherms of powder samples before and after modification were 
measured in order to verify the accessibility of zeolite micropores (Fig. 3.7). The isotherms for both 
materials are of type I, typical for microporous materials. The total uptake of two materials is similar 
with identical micropore volume (0.16 cm3g-1), estimated by the t-plot method. These results suggest 
that the micropores were not affected by the TEFS treatment.  

The hydrophobicity of TEFS-treated zeolite crystals were evaluated by investigating water and 
ethanol adsorption as shown Fig. 3.8.  

 
Figure 3.8. Water and ethanol adsorption isotherms of silicalite-1 powders (▲ parent silicalite-1; ●(○) TEFS-treated 

silicalite-1 (2nd measurement); --- TEFS-treated silicalite-1 after stability test). 

The parent silicalite-1 crystals are already rather hydrophobic and the ethanol uptake at maximum 
measured relative pressure is 60% higher than water, which corresponds well to literature data [41]. At 
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adsorbate activity of 0.5, the ideal adsorption selectivity for this sample is ca. 2.5. TEFS-treated zeolite 
was found to be much more hydrophobic. Whereas it adsorbs a comparable amount of ethanol as the 
parent zeolite, the adsorption of water is drastically reduced. The ideal adsorption selectivity of 
ethanol/water for TEFS-treated silicalite crystals is ca. 23, an order of magnitude higher than the 
selectivity of the parent zeolite.  

These results can be used to further interpret post-modification permporometry data. The total He 
flux decreased upon silylation (Table 3.1 and Fig. 3.9). The decrease is, however, primarily due to 
healing of defects and not the blocking of the zeolite micropores. 

 
Figure 3.9. Adsorption branch benzene permporometry curves of membranes MFI-150-2 after calcination (▲) and after one 

TEFS-treatment step (Δ); MFI-110-1 calcined (●) and after two TEFS-treatment steps (○). 

Relative He flux at P/P0
benzene = 0.5 is 1.5-3.5 times lower after TEFS treatment, while the flux at 

P/P0
benzene = 0 is only 1.2-1.5 times lower than its original value. It has been reported that treatment of 

zeolite membranes with alkoxysilanes (e.g. TEOS, TMOS, DMDS) can heal defects within a zeolite 
layer [42,43]. Thus, the TEFS treatment does not only result in hydrophobization of the zeolite surface 
but also in closing of some defects, which when open would negatively affect the separation factor.  

3.3.3 Water-ethanol separation by pervaporation 

The pervaporation results for as-calcined membranes (Table 2) are in very good agreement with 
permporometry data. The more defective membranes display lower separation factor and higher flux. 
MFI membranes prepared in this work show higher separation factor and lower flux than MEL 
membrane. This could be a result of the more open micropore topology of MEL as well as a 
noticeably higher quality of the MFI films. Interestingly, the MEL membrane synthesized by 
microwave-assisted secondary growth possesses more defects than similar MEL membranes prepared 
by conventional heating as shown by both permporometry and pervaporation tests [30]. Possibly, it is 
a result of too fast crystal growth leading to formation of defects at the micro- and meso-scale. 

After TEFS treatment, all the tested membranes showed significant improvement of the separation 
factor. Typically, the concentration of ethanol in the permeate increased by 10-50%. However, the 
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fluxes after TEFS treatment were lower presumably due to blockage of defects. In accord with this, 
more defective membranes showed a larger decrease in the flux after silylation. The highest decrease 
of flux (50%) was observed for the MEL membrane, which contained a significant number of defects. 
The lowest flux decrease is found for the qualitatively best membrane MFI-150-1 (Table 3.2).  

The effect of a second silylation treatment was investigated for membranes MFI-110-1, MFI-130-2 
and MFI-150-1. The results show further improvement of separation factor without any significant 
flux reduction. This suggests that the second modification step resulting in grafting of additional TEFS 
on the surface, increasing the hydrophobicity. It should be noted that a third silylation step did not 
change the pervaporation performance of the membranes. 

Table 3.2. Results of pervaporation (ethanol 5wt. % / water 95wt. %, 60 °C) and permporometry tests of MFI and MEL 
membranes. 

Membrane Si/Ala Number of 
treatments 

Flux 
[kg.m-2.h-1] 

Separation 
factor 

Xethanol
b 

[%] 
J0(He)c

 
[10-7 mol.m-2.s-1.Pa-1] 

J/J0(He)d
 

[%] 

MFI-150-1 86 

as-calcined 1.5 20 51.3 2.6 1.1 

1x TEFS 1.0 27 58.7 - - 

2x TEFS 1.0 34 64.2 2.0 0.5 

MFI-150-2 86 
as-calcined 2.1 22 53.7 2.9 1.4 

1x TEFS 1.0 25 56.8 1.8 0.8 

MFI-130-1 121 
as-calcined 3.2 8 29.4 3.8 4.6 

1x TEFS 1.8 10.5 35.6 3.1 1.7 

MFI-130-2 121 

as-calcined 3.1 8.0 29.6 3.5 6.2 

1x TEFS 2.0 13.8 42.1 - - 

2x TEFS 2.4 14.8 43.8 3.0 2.1 

MFI-110-1 133 

as-calcined 4.1 7.6 28.6 4.1 8.9 

1x TEFS 2.0 10.7 36.0 - - 

2x TEFS 1.8 13.3 41.2 3.1 2.4 

MFI-110-2 133 
as-calcined 3.3 8.2 30.1 4.0 10.8 

1x TEFS 1.8 10.5 35.6 2.8 8.8 

MEL-150 82 
as-calcined 6.8 4.0 17.4 14.5 14.6 

1x TEFS 3.3 6.5 25.5 12.2 11.2 

a Measured by XPS for a membrane obtained in the same batch; b Weight fraction of ethanol in the permeate; c Initial He flux 
at pressure drop of 50 kPa; d Fraction of initial He flux during permporometry experiment at P/P0

Benzene=0.5. 

Separation factor from liquid-vapor equilibrium at these conditions is ca. 10. 

The reason for the relatively modest separation factors is predominantly the incorporation of 
aluminum from the α-alumina support into the zeolite framework. To the best of our knowledge, the 
highest separation factor reported so far for ethanol recovery from water (α = 125) was obtained on a 
stainless steel supported silicalite-1 membrane [44]. Other explanations could be the use of symmetric 
supports with very rough surface, causing formation of defects in the zeolite layer; and pores of ca. 
300 nm and porosity of 29% (i.e., very flux-resistant). Indeed, it has been pointed that high support 
resistance may decrease membrane performance [45,46]. From this point of view, use of smooth 
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surface, low-resistant asymmetric silica or stainless steel porous supports for membrane preparation is 
more promising than symmetric ones made of α-alumina. This would be particularly useful for 
hydrophobic separation. For this work, however, the use of more accessible symmetric α-alumina 
supports was sufficient. By comparing membranes of different quality it was possible to prove that the 
TEFS grafting method is more efficient for low quality membranes, as intercrystalline defects are 
blocked by TEFS. At the same time, for high-quality membranes one expects an increase of separation 
factor with minimal loss of flux, because the 10MR zeolite pores are too small to be intruded by bulky 
TEFS molecules.  

3.3.4 Membrane stability 

The grafted Si-F groups are thermally stable and remain intact upon calcination at 550 °C. To 
verify their hydrothermal stability, real pervaporation conditions were simulated by stirring TEFS-
treated zeolite powder in 5% ethanol / 95% water mixture at 60 °C for 5 days followed by drying and 
calcination at 550 °C. After this treatment the zeolite crystals preserve their Si-F groups and 
hydrophobicity as shown in Fig. 3.8. No significant change in ethanol and water uptake was observed. 
Furthermore, a long-run pervaporation experiment was performed with membrane MFI-150-1. 

 
Figure 3.10. Separation factor (closed symbols) and total flux (open symbols) through membrane MFI-150-1 during 100 h 

pervaporation test (5% ethanol / 95% water, 60 °C, pressure at permeate side ca. 1 mbar). 

The flux through the membrane was almost constant with the separation factor slowly decreasing 
during a 100 h test. The possible reasons could be partial deterioration of zeolite framework 
(hydrolysis of some Si-O-Si bridges), opening of hydrophilic grain boundaries, dissolution of some 
amorphous material within the defects and grain boundaries, polymerization of mixture components, 
etc. [47]. In the case of studied modified membranes these effects are, however, reversible and the 
separation factor is almost completely restored to its initial value after the thermal regeneration. This 
leads us to the conclusion that the Si-F groups grafted on the zeolite surface are stable under high 
temperature and hydrothermal conditions. It is argued that the effectiveness of TEFS modification in 
terms of surface hydrophobization and its hydrothermal stability as well as its ability to close 
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intercrystalline defects in the film could be particularly useful to improve the quality of membrane 
modules, which usually contain membrane tubes (fibers) of different quality. 

3.4 Conclusions 

By varying synthesis temperature MFI and MEL films of different thickness and quality were 
synthesized by microwave-assisted secondary growth. Characterization of the films by permporometry 
showed that support roughness limits the minimum thickness to obtain closed films. Films thinner than 
5 μm could not completely cover all the support imperfections. XPS indicated leaching of Al from the 
support and the higher the hydrothermal synthesis temperature of secondary growth, the more Al is 
leached. TEFS treatment of silicalite-1 crystals showed that the majority of the micropores remain 
open despite significant introduction of fluorine, indicating the selective modification of the external 
surface of the zeolite crystals.  

Ethanol/water pervaporation and permporometry results of TEFS-treated membranes demonstrate 
the dual role of TEFS modification, i.e. healing of intercrystalline defects and surface 
hydrophobization. A TEFS-silylated membrane was shown to be effective in ethanol/water 
pervaporation in a 100 h duration test. The small loss of selectivity during the operation could be 
countered by calcination at 550 °C.  
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High flux high-silica SSZ-13 membrane for CO2 

separation 

Summary 

High-silica (Si/Al ≈ 100) SSZ-13 membranes were prepared by hydrothermal secondary 
growth on the surface of α-alumina hollow fiber supports. The membranes were evaluated for 
their performance in the separation of CO2 from equimolar mixtures with CH 4 or N 2. The 
maximum CO 2/CH 4 and CO 2/N 2 separation selectivities were found to be 42 and 12 
respectively, with a high CO 2 permeance of 3.0x10-7 mol.m2.s-1.Pa-1 at 293 K and total feed 
pressure of 0.6 MPa. At the low aluminum content, the prepared membranes contain a very 
low number of defects, as follows from their H 2/SF6 ideal selectivity of over 500 in the 293-
473 K temperature range. Due to their hydrophobicity, water in the feed mixture has only a 
small influence on the permeance. Water improves the CO2/N 2 and CO 2/CH 4 selectivity, 
which is attributed to preferential blocking of the hydrophilic, non-zeolitic defect pores. The 
hydrothermal stability of high-silica SSZ-13 membrane was evaluated by a long (220 h) 
CO 2/N 2 separation test with a humidified (9.5 kPa H2O) feed mixture at 393 K and 0.6 MPa 
feed pressure. The permeance and selectivity were stable during this endurance test, 
underpinning the promise of high-silica SSZ-13 membranes for application in the separation 
of hot and humid gas mixtures. 

 

This chapter was published in J. Mater. Chem. A., 2014, 2 (32), 13083-13092. 
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4.1 Introduction 

Carbon dioxide emissions are a source of major global environmental concern, as 
consensus is growing about its involvement in global warming [ 1]. Carbon capture and 
sequestration and utilization (CCS and CCU) [2,3] are considered promising strategies to limit 
anthropogenic CO2 emissions [4]. Capturing CO2 is technologically very challenging and it is 
estimated to account for 50-90 % of the total cost in the CCS/CCU chain [5]. The benchmark 
technology for CO2 capture is chemical absorption using amines [6,7]. Drawbacks of this 
industrial process are the cyclic operation and the high energy penalty [8]. Typically, values 
over 2.5 GJ/tonne of CO2 are used to liberate CO2 from its adduct with amines [9] Thus, there 
is a clear need for energy-efficient processes to capture CO2 from flue and natural gas sources. 

Membrane technology constitutes one of the most promising and energy-efficient 
separation methods [10]. For CO2 separation from gas mixtures, various membranes have been 
explored such as organic [ 11], inorganic[ 12], MOF [ 13], and mixed-matrix membranes 
[14,15]. Zeolites (crystalline porous aluminosilicates) are especially interesting for membrane 
preparation due to their uniform system of pores with molecule-sized dimensions, high 
porosity and excellent thermal and chemical stability [ 16 , 17 , 18 ]. Accordingly, zeolite 
membranes can offer high diffusion selectivity to small and moderate adsorption selectivity to 
strongly adsorbing molecules [19]. There is a great variety in the pore structure of zeolites, 
allowing selection of suitable pore diameter and shape for targeted separations. Besides size, 
also the pore system dimensionality and the polarity of zeolites influence the performance and 
the application window of zeolite membrane films. For instance, MFI, which is the most 
investigated zeolite for membrane preparation [20,21,22] has a three-dimensional system of 
channels with a size of ca. 0.55 nm enclosed by rings of 10 oxygen atoms. Typically, such 10-
membered, and also 12-membered pore systems (pore openings ~0.74 nm), offer only 
adsorption selectivity for separation of permanent gases [ 23]. Accordingly, there is also 
substantial interest in the development of membranes using zeolites with smaller pores [24]. 
As such, 8-membered ring (8MR) zeolites are promising for gas separation, because their pores 
in the range of 0.3-0.4 nm are comparable to the kinetic diameters of permanent gases (e.g., 
0.28 nm for H2, 0.33 nm for CO2, 0.36 nm for N2 and 0.38 nm for CH4). If the size of a 
molecule is close to the pore size, molecular sieving effects arise resulting in high gas 
separation selectivity. 

To date the number of attempts to prepare zeolite membranes in the form of thin 
polycrystalline films for application in CO2 separation is limited. Table 1 summarizes the main 
achievements in this field. SAPO-34, a silicoaluminophosphate with the chabazite topology 
containing 8-membered rings, has shown promise for CO2/CH4 and CO2/N2 separation 
[25,26]. SAPO-34 membranes display high permeance and selectivity, even at pressures as 
high as 10 MPa as a result of the combination of adsorption selectivity and molecular sieving 
effects [27]. An important drawback of silicoaluminophosphates is their hydrophilicity and, 
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related to this, low stability under humid conditions [28]. Thus, the separation performance of 
SAPO-34 membranes is greatly disturbed by the presence of water [ 29 ]. Low-silica 
aluminosilicate membranes are also highly hydrophilic and usually exhibit a large number of 
defects in the film, opening non-zeolitic pathways for unselective mass transport, as discussed 
by Caro and co-workers [30,31] The use of high-silica hydrophobic DDR membranes, first 
prepared by Tomita et al. [32], is more promising as these are stable under humid conditions 
[33]. A drawback of the two-dimensional pore system of DDR is the relatively low permeance 
through the membrane and the challenge to reproducibly synthesize such membranes.  

a 10-7 mol.m-2.s-1.Pa-1 ; b selectivity. 

Compared to DDR, SSZ-13, which is the aluminosilicate analogue of SAPO-34, has the advantage 
of a three-dimensional pore system with 0.38 nm openings and a much lower framework density 
(higher porosity). It can also be synthesized in high-silica form [46]. It was recently reported that SSZ-

Table 4.1. Typical performance of supported zeolite membranes in CO2 separation.  

Membrane/ 
support 

Pores, 
nm Separation Temperature, 

K 

Feed 
pressure, 

MPa 

CO2  
permeancea α b Remarks Ref. 

Na-Y/ 
α-alumina 0.74 

CO2/H2 298 0.1 7 28 Wicke-Kallenbach (WK) 
method, Si/Al = 1.5 [34] 

CO2/N2 298 0.1 10 40 

Na-X/ 
α-alumina 0.74 CO2/N2 296 0.1 0.5 8 Si/Al < 1.5, WK [35] 

Silicalite-1/ 
SS 0.55 CO2/CH4 200 0.1 0.75 20 Pure-silica, WK [24] 

Silicalite-1/ 
α-alumina 0.55 CO2/H2 238 0.9 51 109 Pure-silica uniformly oriented 

film [36] 

ZSM-5/ 
α-alumina 0.55 

CO2/CH4 295 1 45 6 Si/Al>100, membrane thickness 
ca. 700 nm [37] 

CO2/H2 296 1 93 22 

LTA/ 
α-alumina 0.41 H2/CO2 373 0.1 0.12 12.5 Si/Al = 1, WK,  

Multilayer LTA membrane  [38] 

SSZ-13/ 
SS 

0.38 
CO2/CH4 298 0.22 1.7 13 

Si/Al = 13.3 [39] 
CO2/N2 298 0.22 1.9 11 

SAPO-34/ 
SS 0.38 CO2/CH4 295 3 1.0 60 Silicoaluminophosphate [40] 

SAPO-34/ 
α-alumina 0.38 CO2/CH4 295 4.6 16 70 Silicoaluminophosphate [41] 

SAPO-34/ 
SS 0.38 CO2/CH4 295 0.1 25 9 Silicoaluminophosphate WK [42] 

DDR/ 
α-alumina 0.36 CO2/CH4 298 0.1 0.12 98 Siliceous, WK [43] 

DDR/ 
α-alumina 0.36 

CO2/air 303 0.1 0.6 30 Siliceous, 
WK [44] 

CO2/CH4 303 0.1 0.55 1000 

Zeolite 
T/mullite 

0.36 
0.66 

CO2/N2 308 0.1 0.39 104 Si/Al = 3-4 
Vacuum on the permeate side [45] 

CO2/CH4 308 0.1 0.46  400 
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13 is a selective sorbent for CO2 [47,48], whose performance is not disturbed by the presence of water 
[49]. So far, only low-silica SSZ-13 membranes have been synthesized, with Si/Al ratios below 20 
[40, 50, 51]. Although these rather hydrophilic membranes display good performance in dewatering of 
organic/water mixtures, their selectivity in gas separation is usually too low due to the large number of 
defects [52]. Here, we report for the first time a reproducible synthesis of high-silica SSZ-13 (Si/Al 
ratio higher than 80) membranes. These membranes show very good performance in the separation of 
CO2/N2 and CO2/CH4 mixtures. We show that the presence of water decreases the permeance but 
improves CO2 selectivity. Excellent stability of high-silica SSZ-13 membranes under humid 
conditions at elevated temperature is validated by a long-term endurance test. 

4.2 Experimental 

4.2.1 Materials 

Symmetric hollow fiber α-alumina supports (i.d. 1.8 mm, o.d. 2.9 mm, total length of 70 
mm and permeation area of 1.7 cm2) with pores of ca. 300 nm and a porosity of ca. 30 %, were 
supplied by Hyflux. Prior to deposition of the zeolite layer the supports were boiled in a 
mixture of 1 HCl : 1 H2O2 : 6 H2O for 30 min at 373 K followed by rinsing in distilled water 
to remove possible impurities. After cleaning both ends of each support were sealed with 
ceramic glaze (Kera Dekor 5602, UHLIG, Germany) and the fibers were finally fired at 1300 
K. Fumed silica (Cab-O-Sil® M-5, Cabot), N,N,N-trimethyl-1-adamant ammonium hydroxide 
(TMAdaOH 25%, SACHEM, Inc.), sodium hydroxide NaOH (50%, Merck), aluminum hydroxide 
Al(OH)3 (Sigma-Aldrich) and demineralized water were used for preparation of SSZ-13 films.  

4.2.2 Membrane synthesis 

Supported membranes were prepared by seeded secondary growth. Firstly, SSZ-13 seed 
crystals were prepared by mixing NaOH and TMAdaOH with water in a PTFE beaker, 
followed by addition of Al(OH)3. The mixture was thoroughly stirred until all the Al(OH)3 
was completely dissolved (ca. 30 min). Fumed silica was then added and the gel was aged for 6 
h under continuous stirring at room temperature. The initial gel composition was 20 
TMAdaOH: 20 NaOH: 1.3 Al(OH)3: 104 SiO2: 4400 H2O. After ageing, the mixture was 
poured in a stainless steel autoclave (120 mL) equipped with a PTFE liner. After closing, the 
autoclave was placed in a preheated oven and hydrothermal synthesis was statically performed 
at 433 K for 144 h. The SSZ-13 crystals were recovered by filtration and then thoroughly 
washed. The as-synthesized crystals were too large (ca. 10 μm) to directly use them as seeds. 
Thus, wet ball milling was performed in accordance with the procedure described by Charkhi 
et al. [53]. To achieve a narrow seed size distribution (ca. 120 nm), the obtained mixture is 
diluted and centrifuged. The final solid content of the seed solution was ca. 0.5%. The inner 
surface of the α-alumina support was coated with a layer of SSZ-13 nano-crystals by dip-
coating. For this purpose, the supports were brought into contact with the suspension for 10-15 
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s. After coating, the seeded supports were dried at 383 K overnight. The complete seeding 
procedure was repeated twice to obtain a dense and uniform seed layer. 

The synthesis gel for secondary growth was prepared in the same way as the synthesis gel 
for the seed crystals, with the only difference of slightly higher Si/Al ratio (100). The initial gel 
composition was 20 TMAdaOH: 20 NaOH: 1.05 Al(OH)3: 105 SiO2: 4400 H2O. The aged gel 
was poured in a PTFE-lined autoclave (45 mL) in which the pre-seeded fiber supports, 
wrapped with PTFE tape, were vertically placed. Secondary growth was carried out in static 
conditions at 433 K for 144 h. After synthesis the membranes were washed by copious 
amounts of demineralised water and dried at 383 K overnight. For XRD analysis SSZ-13 films 
were also prepared on porous α-alumina disc supports (Pervatech) by the same procedure. 

The organic template was removed from the SSZ-13 pores by an optimized calcination program in 
pure oxygen flow at 723 K for 80 h with heating and cooling rates of 0.2 K/min.  

4.2.3 Adsorption isotherms 

Gas adsorption measurements on SSZ-13 zeolite powders were performed using a Tristar II 
3020 Micromeritics sorptometer employing high-purity CO2, CH4 and N2 gases (99.99 %). 
The zeolite powder was calcined at 650 °C with a heating rate of 0.5 °C/min for 7 h. Prior to 
the measurements, the adsorbent was outgassed at 250 °C under vacuum for 16 h. Following 
cooling  baths were employed to achieve the desired temperatures for adsorption (Table 4.2). 

Table 4.2. Baths applied for adsorption measurements. 

Adsorption temperature, K Bath 

195 Isopropanol/Ice 

221 Ethylene glycol / Ethanol / Solid CO2 

234 Ethylene glycol / Ethanol / Solid CO2 

255 Kryo 20 

273 Ice 

298 Water 

323 Heating 

Water adsorption measurements were performed by applying gravimetric method on custom 
designed home-built setup based on a Mettler Toledo TGA/DSC. The zeolite powder sample in a TG 
crucible was pretreated at 250 °C for 30 minutes in the flow of dry helium and then cooled down to 
25°C, while the sample was exposed to a flow of helium saturated with water vapor. The weight 
increase during cooling is equal to the amount of water adsorbed on pre-weighed powder at a certain 
vapor pressure. The relative vapor pressure of water was adjusted by varying the temperature of the 
saturator and the proportion of dry helium.  
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4.2.4 Molecular simulations 

Adsorption isotherms were computed using a force field based approach. The force field 
was taken from García-Pérez et al. [54]. The force field consists of electrostatic and dispersive 
terms described by the Coulomb and Lennard-Jones models, respectively. The static charges 
are 2.05 for Si atoms and -1.025 for O atoms. Long-range electrostatic interactions in the 
periodic simulation cell were taken into account using the Ewald summation. Van der Waals 
forces were described by the effective potential acting on the oxygen atoms, and silicon atoms 
were excluded. All zeolite atoms were held rigid during the simulations. Methane is 
represented by the united atom model with no charge assigned. N2 is represented by the rigid 
dumbbell model with an interatomic distance of 1.098 Å. The partial charges of the N atoms 
are −0.40484, which are compensated by a dummy charge of +0.80968 placed at the molecule 
center. CO2 has rigid bond lengths of 1.16 Å, and charges of +0.6512 and −0.3256 on C and O 
atoms, respectively. The Lennard-Jones potential is truncated at a distance of 12 Å. The 
interactions between the guest molecules are described pair-wise using the parameters given in Table 
4.3. 

Table 4.3. Interaction parameters applied for adsorption simulations 

Center i Center j R0, Å D0, kcal/mol Center i Center j R0, Å D0, kcal/mol 

CH4 O_z 3.895 0.2285 C_CO2 O_z 3.122 0.0998 

CH4 CH4 4.176 0.3150 C_CO2 C_CO2 3.098 0.0559 

CH4 C_CO2 3.637 0.1327 C_CO2 O_CO2 3.244 0.0946 

CH4 O_CO2 3.794 0.2245 C_CO2 N 3.412 0.0636 

CH4 N 3.951 0.1509 O_CO2 O_z 3.277 0.1688 

N O_z 3.437 0.1158 O_CO2 O_CO2 3.404 0.1600 

N N 3.727 0.0723 O_CO2 N 3.569 0.1076 

The simulations were carried out using Materials Studio 6.0 (Accelrys). The Metropolis 
method was employed. The number of steps was set to 20 million to ensure proper equilibrium. 
Adsorption isotherms were determined for N2, CO2, CH4 and for CO2/N2, CO2/CH4 
equimolar mixtures in the pressure range from 10 kPa to 1000 kPa at a temperature of 293 K. 
The CHA model was taken from the Materials Studio library of structures. The unit cell was 
multiplied three times in each direction to exceed the minimum of 20 Å size to maintain the 
consistency with the force field. In total the simulation system contained 324 Si and 648 O 
atoms.  

4.2.5 Membrane characterization 

Supported SSZ-13 films were characterized by X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The separation performance 
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was evaluated by single gas permeation (H2, CO2, CH4, N2, and SF6) as well as separation 
measurements of equimolar CO2/CH4 and CO2/N2 mixtures.  

The structure of the zeolite film was determined by recording XRD patterns with a Bruker 
D4 Endeavour diffractometer using Cu Kα-radiation in the 2Θ range of 5-50° on the disc 
support. The chemical composition of the SSZ-13 films was analysed by a Thermo Scientific 
K-alpha XPS spectrometer equipped with a monochromatic Al Kα X-ray source.  

An in-house built setup (Fig. 4.1) was used for permeation measurements (pressure and 
temperature ranges of 0.1-0.6 MPa and 293-473 K, respectively). Helium was used as the sweep gas 
for all the measurements, except when H2 was one of the permeating gases in which case Ar was 
employed as the sweep gas. The CO2/CH4 and CO2/N2 separation tests were also performed in the 
pressure gradient mode at a feed pressure of 0.6 MPa. The permeate side was kept at atmospheric 
pressure. The composition of the feed, permeate and retentate gas was measured by an online gas 
chromatograph (Interscience Compact GC) equipped with two Rtx-1.5u columns, a Molsieve 5A 
column, a flame-ionization detector (FID) and two thermal conductivity detectors (TCD). Gas flows 
were measured by digital and soap film flow meters. The selectivity was calculated as the ratio of 
permeances of two components.  
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Figure 4.1. Scheme of separation setup and membrane module. Designations: 1. Gas bottles, 2. Mass-flow controllers, 3. 
Stainless steel saturator, 4. 4-way valves, 5. Oven, 6. Membrane module, 7. Back-pressure regulator, 8. Flow meter (digital 
or bubble), 9. Online GC. 

Due to use of hollow fiber membranes the composition of the feed flow may change along the 
membrane length. To account for that we used log-mean pressure difference calculated as follows: 

(Δ𝑝𝑖)𝑙𝑛 =  
�𝑝𝑖

𝑓𝑒𝑒𝑑 −  𝑝𝑖
𝑝𝑒𝑟𝑚 � − �𝑝𝑖𝑟𝑒𝑡 −  𝑝𝑖

𝑝𝑒𝑟𝑚 �

ln �
𝑝𝑖
𝑓𝑒𝑒𝑑 −  𝑝𝑖

𝑝𝑒𝑟𝑚 

𝑝𝑖𝑟𝑒𝑡 −  𝑝𝑖
𝑝𝑒𝑟𝑚 �     

 

Retentate, permeate and feed flows and compositions were measured for every experiment and the 
values were applied for the above calculation. The back-permeation of sweep gas was neglected in this 
work. It may, however, significantly influence the membrane performance, especially at lower 
pressures [44, 55].  Hence, we are currently investigating this effect, to be published in a follow-up 
publication [56]. 

To determine the influence of moisture on the membrane performance the feed gas mixture was 
humidified by using a stainless steel saturator, containing demineralised water, kept in a thermostat to 
control water vapor pressure.  

4.3 Results and discussion 

4.3.1 Membrane synthesis 

Fig. 4.2 shows SEM images of the applied support surface before and after deposition of SSZ-13 
nano-crystals. It can be seen that although the surface appears very rough, it can be coated with dense 
layer of seed crystals by using proposed dip-coating method.  

 
Figure 4.2. SEM images of the macroporous (left) α-alumina support surface and (right) layer of SSZ-13 seed crystals after 

two dip-coating steps. 

As-synthesized SSZ-13 films contain TMAda template molecules blocking the zeolite pores. 
Accordingly, before detemplation high-quality membranes should be impermeable to any gas. To 
determine the quality of the as-synthesized membranes, the CH4 permeance at 293 K and 0.6 MPa was 
determined. All the as-synthesized membranes displayed low CH4 permeance in the order of 1-310-
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10 mol.m-2.s-1.Pa-1. Such low values are indicative of the very small number of macro-defects in the as-
synthesized membranes. The choice of the calcination procedure was found to very important to 
produce high-quality membranes. Typical method for detemplation of SSZ-13 crystals is calcination at 
823 K in a flow of air. Application of this procedure, however, lead to thermally-induced formation of 
defects and deterioration of the membrane quality. Thus, we optimized the procedure by decreasing 
the temperature to 723 K and using flow of pure O2 and this method allowed us to safely detemplate 
prepared membranes. This and other detemplation-related effects will be discussed in Chapter 6.  After 
calcination the membranes were analysed by SEM (Fig. 4.3), which revealed that rather thin and 
uniform polycrystalline films with a thickness of 4-6 μm were formed on the alumina support surface. 
No microscopic defects were observed, except for the presence of some larger single crystals 
nucleated from the bulk. Furthermore, the images show that the boundary between the zeolite layer 
and the support was well defined. Clearly, the support layer has not been infiltrated by the growing 
zeolite. Although infiltration may improve the adherence between the zeolite layer and the support, it 
would negatively affect the overall permeability.  

 

Figure 4.3. SEM (a,b) top view and (c) cross-section images of a SSZ-13 membrane prepared by secondary growth; 
(d) XRD patterns of CHA (SiO2) crystals prepared according to Eilertsen et al. [57] (bottom) and SSZ-13 film 
synthesized on the surface of porous α-alumina disc (top). Reflections from α-alumina are marked with asterisks. 

The XRD pattern of the SSZ-13 film confirms the purity of the CHA crystalline phase. There is no 
specific orientation of the crystals, so that the layer can be considered to be randomly oriented. The 
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Si/Al ratio of the film as measured by XPS is 86, which is slightly lower than the Si/Al ratio of 100 in 
the synthesis mixture. This effect will be discussed in more details in Chapter 5. 

4.3.2 Membrane synthesis reproducibility 

Reproducible production of zeolite membranes by hydrothermal synthesis is not an easy task 
[58,59]. To investigate the reproducibility of the SSZ-13 membrane synthesis six independently 
prepared and calcined membranes were tested in the separation of equimolar mixtures of CO2/N2 and 
CO2/CH4 as well as single gas permeation of SF6. The SF6 molecule having a kinetic diameter of 0.55 
nm can only permeate through defects and, accordingly, this test is a good measure of membrane 
quality [60]. Table 4.4 reports the separation and permeation data. The results show that the six 
membranes display similar performance, evidencing that our method yields high-quality membranes in 
a reproducible manner.  

Table 4.4. Reproducibility of membrane preparation. 

Sample 
Selectivity  Permeance, 10-7 mol.m-2.s-1.Pa-1       

CO2/N2 CO2/CH4 CO2 (N2) CO2 (CH4) SF6 (103) 

M-1 10.4±0.6 36.5 3.0±0.2 3.0 4.2 
M-2 10.1 41.8 2.0 1.9 5.0 
M-3 11.6 37.5 3.4 3.3 5.8 
M-4 10.2 34.5 2.2 2.2 6.4 
M-5 10.3 37.8 2.1 1.8 5.3 
M-6 8.4 28.6 2.5 2.5 8.3 

Average 10±2 36±7 2.5±1 2.5±1 6±2 
Conditions: equimolar mixtures, 293 K, 0.6 MPa feed pressure, atmospheric pressure on permeate side,  

total flow rate 200 ml/min, 200 ml/min sweep gas. 

We assign the minor deviations in membrane performance in part to the heterogeneity of the ceramic 
support. The extrusion-derived symmetric hollow fiber supports containing a rather rough and non-
uniform surface exhibited some variation in the order of 10% in pure N2 permeance (6.9 ± 0.610-6 
mol.m-2.s-1.Pa-1; 20 supports tested at room temperature and pressure drop of 0.05 MPa). After 
reproducibility tests sample M-1 was chosen for further separation characterization. 

4.3.3 Single gas permeation 

The results of single gas permeation measurements of gases differing in molecular size and adsorption 
strength are shown in Fig. 4.4 The SSZ-13 membrane displays a high permeance of H2 and CO2 for 
zeolite membranes, with values in the order of 310-7 mol.m-2.s-1.Pa-1 at 293 K. We expect that the 
permeability and selectivity of these membranes can be further improved by using less resistant 
supports with higher porosity and by decreasing the zeolite layer thickness [ 61]. In turn, ideal 
selectivity in Table 4.5 clearly show that the membrane operates in the molecular sieving regime. The 
H2/SF6 and H2/CH4 ideal permselectivities are higher than 500 and 15, respectively, well above the 
respective values for the Knudsen selectivity of 8.5 and 2.8. As SF6 is too large to permeate through 
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the 8MR zeolite pores, the high H2/SF6 ideal selectivity is also evidence for the low number of defects 
and high membrane quality. 

 
Figure 4.4. Dependence of single gas permeance on kinetic diameter (conditions: 0.6 MPa feed pressure, 
atmospheric pressure on permeate side, total flow rate 200 ml/min, 200 ml/min of sweep gas He).  

Table 4.5 Ideal permselectivity at gas feed pressure of 0.6 MPa. 

Temperature, K 293 373 473 Knudsen 
selectivity 

CO2/CH4 20 16 8.3 0.6 

CO2/N2 4.2 4.6 3.4 0.8 

CO2/H2 1.3 1.0 0.6 0.2 

H2/CH4 18 16 16 2.8 

H2/SF6 560 580 550 8.5 

Diffusion of adsorbing gases through 8MR zeolites at moderate temperatures is governed by 
surface diffusion. This phenomenon has been described in detail for DDR membranes by van den 
Bergh et al. [ 62]. Briefly, with increasing temperature the concentration of adsorbed molecules 
becomes lower while the diffusivity increases. The net result is that depending on the respective 
temperature dependencies and conditions the permeation flux may increase, decrease or even pass 
through a maximum [44,63]. Here, the permeance of CO2, N2, CH4 and H2 decreases with increasing 
temperature. SF6 can only diffuse through defects in the zeolite film. Since permeation through pores 
much larger than 1 nm (Knudsen diffusion) scales inversely with the square root of the temperature, 
the SF6 permeance decreases with increasing temperature. Moreover, the observation that the SF6 
permeance does not increase with temperature implies that neither additional defects are formed nor 
the existing defects become larger during heating of the membrane.  

In addition, from the single-gas permeation values of a bulky SF6 molecule and assuming this 
represents Knudsen diffusion through defects only, we can estimate the contribution of permeance 
through defects for other gases as [64]: 

Π𝑖 =  Π𝑆𝐹6 ∙  �
𝑀𝑟 (𝑆𝐹6)
𝑀𝑟(𝑖) 
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where Π𝑖 – permeance of gas i, 𝑀𝑟(𝑖) – molecular mass of gas i.  
Expectedly, there are larger contributions of permeance through defects for H2 and N2 (1.5-2 %) and, 
especially, CH4 (8-9 %) compared to CO2 (0.3-0.6 %) at all studied temperatures. 

 
Figure 4.5. Contributions of defect flow for different gases derived from single-gas permeation data. 

4.3.4 Gas mixture separation: concentration polarization 

Concentration polarization is an effect related to concentration gradient at membrane – feed 
interface. The reason for concentration polarization is selective transfer of one component through the 
membrane and thus enrichment of the feed phase near the membrane layer with another component. 
Accordingly, driving force for the faster-permeating component reduces and that leads to decreased 
selectivity and flux. Apparently, more permeable and selective membranes are more prone to 
concentration polarization limitations. Possible ways to minimize concentration polarization effect are: 
(i) applying high enough feed flow rate, (ii) optimizing membrane module geometry and (iii) using 
special spacers on the feed side [65].  
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Figure 4.6. Influence of total flow rate on CO2/CH4 equimolar mixture separation by SSZ-13 membrane (conditions: 293 K, 
0.6 MPa feed pressure, atmospheric pressure on permeate side, 200 ml/min of sweep gas He). 

We studied influence of total feed flow rate on SSZ-13 membrane CO2/CH4 equimolar mixture 
separation performance (Fig. 4.6). Indeed, both CO2 permeance and selectivity increase with 
increasing flow rate, which is indicative of occurring concentration polarization. Accordingly, to 
minimize influence of concentration polarization at minimal consumption of high-purity gases applied 
for separation tests, we chose total flow rate of 200 ml.min-1 as the standard for this work. 

4.3.5 Gas mixture separation: effect of pressure 

Separation of equimolar mixtures of CO2/N2 and CO2/CH4 at varying pressure and composition 
was investigated next. Fig. 4.7 shows the influence of the total and partial pressures on the permeance 
and selectivity. At 0.6 MPa and 293 K feed pressure the mixture selectivity for both gas mixtures is 
1.5-2 times higher than the ideal selectivity.  

 

Figure 4.7. Separation of equimolar CO2/CH4 (a) and CO2/N2 (c) mixtures at varying pressure and influence of mixture 
composition on CO2/CH4  (b) and CO2/N2  (d) separation at a total pressure of 0.6 MPa  

(conditions: 293K, atmospheric pressure on permeate side, total flow rate 200 ml/min, 200 ml/min of sweep gas He). 

This suggests that the separation is based on a combination of adsorption and diffusion selectivity. The 
common explanation for the higher selectivity of the mixture is that CO2 molecules preferentially 
adsorb in the SSZ-13 pores and hinder the diffusion of the weaker adsorbing component [ 66]. 
Typically, the adsorption energy of CO2 in zeolites increases with increasing polarity of the zeolite. 
Accordingly, saturation will occur at higher pressure for high-silica zeolites than for more polar low-
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silica zeolites [ 67]. Fig. 4.8 demonstrates CO2, N2 and CH4 adsorption isotherms measured at 
different temperatures and Table 4.6 reports estimated dual site Langmuir adsorption parameters. 

Table 4.6. Estimated dual site Langmuir adsorption parameters of CO2, CH4 and N2 for SSZ-13 (Si/Al =80); including their 
95% confidence intervals. 

Adsorbate # of 
sites 

qi
sat,A 

mol kg-1 
-ΔHi

A 
kJ mol-1 

K0.i
A 

10-7 kPa-1 
qi

sat,B 
mol kg-1 

-ΔHi
B 

kJ mol-1 
K0.i

B 
10-7 kPa-1 

CO2 2 3.78±0.75 32.0±1.70 0.03±0.03 4.32±0.75 24.8±0.72 6.73±2.97 
N2  2 1.46±0.26 19.3±1.49 2.99±2.07 7.50±0.26 10.6±0.19 23.4±5.52 
CH4 2 3.05±0.16 19.7±0.59 0.43±0.22 2.66±0.14 17.9±0.11 20.5±1.02 

 

 
Figure 4.8. (a) CO2,(b) CH4 and (c) N2 adsorption on SSZ-13 powder (Si/Al=80) measured at different temperatures. 

Expectedly, CO2 adsorbs most strongly of all three adsorbates considered here. Fig. 4.9 shows 
experimental adsorption isotherms of CO2, N2 and CH4 on SSZ-13 crystals at 298 K together with 
simulated adsorption isotherms for the single components as well as for equimolar binary mixtures. 
The measured ideal adsorption selectivities at 0.1 MPa are ca. 12 and 5 for CO2/N2 and CO2/CH4, 
respectively. The selectivities increase with decreasing pressure. This trend is consistent with the trend 
of the simulated single component adsorption isotherms. The simulation of adsorption isotherms of 
mixtures, however, shows that an increasing total pressure results in an increased CO2 selectivity. This 
peculiar phenomenon is not generally observed, but agrees with the results of Miyamoto et al. 
[49], who experimentally studied CO2 and N2 mixture adsorption on pure-silica CHA. Increased 
adsorption selectivity explains the positive influence of total pressure and CO2 partial pressure on the 
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CO2/CH4 and CO2/N2 mixture separation selectivity by prepared SSZ-13 membranes (Fig. 4.6). This 
phenomenon is caused by disproportionally lower adsorption of the competing component when the 
pore occupancy of CO2 increases with increasing CO2 partial pressure. It derives from the stronger 
interaction of CO2 with zeolites as well as from the stronger intermolecular interactions between CO2 
molecules than of CO2 with N2 or CH4, which may lead to cluster formation [68]. It is consistent with 
the modelling results showing that the presence of CH4 or N2 does not influence CO2 adsorption, 
while CO2 lowers CH4 and N2 adsorption substantially. Similar increase of selectivity has also been 
reported for CO2/H2 separation by silicalite-1 (MFI) membranes [37].  

 
Figure 4.9. Experimental adsorption isotherms at 298 K and simulations of (a) CO2, (b) CH4, (c) N2 on SSZ-13 

powder (Si/Al = 80); (d) ideal and mixture adsorption CO2/CH4 (circle) and CO2/N2 (square) selectivities – 
experimental ideal (black), simulation single-gas (red), simulation mixture (blue). 

4.3.6 Gas mixture separation: effect of temperature and humidity 

The temperature dependence of CO2/CH4 and CO2/N2 separation performance was studied in both 
pressure gradient and sweep gas regimes (Figs. 4.10 and 4.11 respectively). The temperature 
dependencies presented in Fig. 4.10 reveal the following trends. For the single component permeation 
the CO2 permeance decreases with temperature, as a result of the decreasing concentration in the 
membrane. For CH4 the adsorbed amount are much lower, and although increasing the permeance 
slightly increases, indicative of an activated diffusion. The nitrogen permeance passes through a 
maximum which can be the result of a slightly activated diffusion process and a decreasing 
concentration in the membrane, similarly as for MFI and DDR membranes [44, 63]. For both mixtures 
the selectivity monotonically decreases and evolves to that of the ideal selectivity at higher 
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temperatures. For CO2/CH4 the mixture selectivity is lower, due to an increased permeance of 
methane, suggesting an interaction with the faster permeating carbon dioxide. For the CO2/N2 
selectivity this ‘entrainment’ of N2 seems even stronger at lower temperatures, resulting in an 
appreciable lower selectivity at low temperatures, passing through a weak maximum as a function of 
temperature. 

 
Figure 4.10 CO2/CH4 (a) and (b) CO2/N2 equimolar mixtures separation in a pressure gradient mode without sweep gas 
(dashed lines -  single component permeance and ideal selectivity, solid lines -  mixture separation results; conditions: 0.6 

MPa feed pressure, atmospheric pressure on permeate side, total flow rate 200 ml/min). 

In accordance with the adsorption data, an increase of the separation temperature leads to a 
decrease of the adsorption selectivity. At 473 K the values of the mixture separation become similar to 
those obtained in the single gas measurements. This finding implies that above 473 K the membrane 
operates in the Henry adsorption regime where the contribution of the peculiar adsorption selectivity at 
higher loadings becomes negligible and separation is governed by the diffusion selectivity times the 
ideal adsorption selectivity [69] 
In the pressure mode at 0.6 MPa total feed pressure without using a sweep gas results were very 
similar to those obtained in the sweep-gas mode (Fig. 4.11) for both mixtures separations. However, 
the flux at lower pressures and, especially, in the presence of water was not high enough to provide 
reliable GC analysis. Thus, sweep-gas mode was chosen as the standard in this work. The preparation 
of SSZ-13 membranes on the supports with higher permeation area can ensure permeation flows high 
enough to perform the separation in the pressure gradient mode at lower pressures [56]. 
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Figure 4.11. Separation of equimolar mixtures of (a) CO2/CH4 and (b) CO2/N2 (open symbols correspond to dry 
conditions, closed symbols to humid conditions, i.e. in the presence of 2.2 kPa of water; conditions: 0.6 MPa feed pressure, 
atmospheric pressure on permeate side, total flow rate 200 ml/min, 200 ml/min of sweep gas He). 

Although water is typically present in most industrial gas streams, its influence on zeolite 
membrane performance is usually not investigated. Here, we compared gas mixture separation in dry 
and humid conditions to determine the potential of the SSZ-13 membranes for separation of CO2 from 
wet gas mixtures. To this purpose, the feed gas mixture was humidified by adding 2.2 kPa of water. 
Fig. 4.11 shows results for the separation of dry and humidified CO2/CH4, and CO2/N2 mixtures as a 
function of the temperature. The presence of water affects the permeance of all the gases, which 
should be predominantly due to partial blockage of the zeolite pores. At 293 K the gas permeance is 
substantially lower under humid conditions compared to dry conditions (Table 4.7). Due to the 
decreasing water coverage with increasing separation temperature, the permeance of all of the gases 
increases. Already at 393 K, the permeance under humid conditions is close to the permeance under 
dry conditions.  

Table 4.7. Permeance of gases at dry and humid conditions in separation of corresponding mixtures 

Gas 
Permeance / 10-7 mol.m-2.s-1.Pa-1      

293 K, 
dry 

293 K, 
Wet 

% 
of dry 

393 K, 
dry 

393 K, 
wet 

% 
of dry 

CO2 (N2) 2.8 0.71 25 1.9 1.6 84 
N2 (CO2) 0.27 0.04 15 0.36 0.31 86 
CH4 (CO2) 0.076 0.016 21 0.11 0.098 89 

In order to better understand the influence of humidity we also studied adsorption of water on 
SSZ-13 crystals. The results of such adsorption measurements are shown in Fig. 4.12.  

 
Figure 4.12. Adsorption of water on SSZ-13 (Si/Al 100) crystals measured by TGA. During the experiment the 

sample was first completely dehydrated in dry He at 673 K, cooled down to 298 K and then subjected to a 
humidified (3 kPa H2O) He flow. After saturation the temperature was gradually increased to 473 K in the flow of 

the humidified He flow. 

The amount of adsorbed water decreases from 3.1 mmol/g at 298 K to 0.32 mmol/g at 393 K. At 
473 K the adsorbed amount of water was below the detection limit (~0.02 mmol/g). These results 
support our surmise that water partially blocks permeation of gases by adsorption into zeolite pores at 
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low temperature. Relative hydrophobicity of high-silica SSZ-13 (Fig. 4.13) ensures nearly complete 
elimination of water adsorption at modest temperatures ~ 473K) [70].  

A second important aspect of humidity is its influence on selectivity. CO2/N2 and CO2/CH4 
mixture selectivities in the presence of water are higher than under dry conditions. The wet and dry 
selectivity values become similar in the 360-400 K temperature range. As discussed above, from SF6 
single gas permeation data we were able to estimate the contribution of permeance through defects for 
other components. At any temperature larger fractions of N2 (~2%) and CH4 (~9%) permeate through 
defects compared to CO2 (~0.5%). Thus, partial blockage of non-zeolitic defects well explains the 
observed increase of selectivity under humid conditions.  

 
Figure 4.13. Water adsorption isotherms of SSZ-13 samples of different synthesis Si/Al ratio at 298 K,  

measured by gravimetry. 

To further prove this hypothesis we studied the influence of humidity on SF6 permeation. The 
results are collected in Fig. 4.14. In dry conditions SF6 permeance gradually decreases with increasing 
temperature, which is characteristic for Knudsen (pore size 10-100 nm) and Poiseuille (pore size > 50 
nm) flows [71]. The presence of water reduces the SF6 permeance by ca. 50% at low temperature.  

 
Figure 4.14. Influence of water on SF6 single gas permeance (open symbols – dry gas, closed symbols – 2.2 kPa of 

water; conditions: 0.6 MPa feed pressure, atmospheric pressure on permeate side,  
total flow rate 200 ml/min, 200 ml/min of sweep gas He). 
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The difference with the dry permeation values decreases with increasing temperatures and 
becomes negligible above 410 K. We therefore conclude that water will adsorb on and block some of 
non-zeolitic pores at low temperature and, accordingly, improve the overall selectivity. It is also 
consistent with the proposed hydrophilic nature of such defects containing many silanol groups [72].  

4.3.7 Membrane stability 

Besides high permeance and selectivity, hydrothermal stability is one of the key advantages 
of zeolite membranes for application in technological settings [29, 73 ]. We performed a 
CO2/N2/H2O (10/10/1) separation test at 393 K for 220 h. The results of this endurance test are 
shown in Fig. 4.15 and demonstrate that the membrane is stable under these conditions over 
the course of nearly 10 days.  

 

Fig. 4.15. Membrane CO2/N2/H2O separation test (conditions: equimolar CO2/N2 mixture, 393 K,  
0.2 MPa feed pressure, 9.5 kPa of water, atmospheric pressure at permeate side,  

total flow rate 200 ml/min, 200 ml/min of sweep gas He). 

Despite a very small gradual increase of CO2 and N2 permeance, the selectivity did not 
change. Hence, we argue that the slowly increasing permeance is not the result of deterioration 
of the zeolite structure but originates from, for instance, gradual degradation of amorphous 
material blocking some zeolite pores or other similar effects. Combined with the permeance 
and selectivity results, these findings support our conclusion that high-silica SSZ-13 
membranes are very promising candidates for separation of CO2 from hot and humid gas 
streams (e.g. flue gases, product stream from methane steam reforming [74]) and from natural 
gas or biogas mixtures. 

4.4 Conclusions 

High-silica SSZ-13 membranes were reproducibly prepared by hydrothermal secondary growth on 
the seeded inner surface of α-alumina hollow fiber supports. At a Si/Al ratio of 86 they contain a low 
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density of defects as characterized by the high H2/SF6 ideal selectivity. Excellent performance was 
achieved in CO2/CH4 and CO2/N2 separation. The separation selectivity and CO2 permeance 
increased with increasing total and CO2 partial pressure, which is due to the preferred adsorption 
of CO2 over the other competing component. The presence of water in the feed led to partial 
blockage of the zeolite pores as well as the more hydrophilic defects. Overall, it decreased 
permeance slightly, but increased the CO2/CH4 and CO2/N2 selectivity. These effects were most 
pronounced at temperatures below 400 K. The hydrophobic SSZ-13 membranes retained their 
beneficial separation properties during a long-term CO2/N2 separation test under hydrothermal 
conditions. To summarize, the low polarity of the high-silica SSZ-13 membranes renders them 
promising candidates for separation of different CO2–containing mixtures at elevated pressure and 
temperature and in the presence of water vapor. The separation mechanism is based on a combination 
of adsorption and diffusion selectivity. 

References 

[1] R.K. Pachauri, A. Reisinger, Eds. Fourth Assessment Report on Climate Change, International Panel 
on Climate change: Geneva, Switzerland, 2007. 

[2] M.Z. Jakobson, Review of solutions to global warming, air pollution, and energy security, Energy 
Environ. Sci. 2 (2009) 148-173. 

[3] E.J. Stone, J.A. Lowe, K.P. Shine, The impact of carbon capture and storage on climate, Energy 
Environ. Sci. 2 (2009) 81-91. 

[4] Z.Z. Yang, L.N. He, J. Gao, A.H. Liu, B. Yu, Carbon dioxide utilization with C-N bond formation: 
carbon dioxide capture and subsequent conversion, Energy Environ. Sci. 5 (2012) 6602-6639. 

[5] Zero Emission Platform (ZEP) report, The Costs of CO2 Capture, Transport and Storage, 2011. 
[6] A. Maiti, Atomistic modelling towards high-efficiency carbon capture: A brief survey with a few 

illustrative examples, Quantum Chem. 114 (2014) 163-175. 
[7] A.D. Ebner, J.A. Ritter, State-of-the-art adsorption and membrane separation processes for carbon 

dioxide production from carbon dioxide emitting industries, Sep. Purif. Technol. 44 (2009) 1273-
1421. 

[8] R.W. Baker, Future directions of membrane gas separation technology, Ind. Eng. Chem. Res. 41 
(2002) 1393-1411. 

[9] E. Favre, Carbon dioxide recovery from post-combustion processes: Can gas permeation membranes 
copmpete with adsorption?, J. Membr. Sci. 249 (2007) 50-59. 

[10] M. Pera-Titus, Porous inorganic membranes for CO2 capture: present and prospects, Chem. Rev. 114 
(2014) 1413-1492. 

[11] N. Du, H.B. Park, M.M. Dal-Cin, M.D. Guiver, Advances in high permeability polymeric membrane 
materials for CO2 separation,  Energy Environ Sci. 5 (2012) 7306-7322. 

[12] M. Anderson, H. Wang, Y.S. Lin, Inorganic membranes for carbon dioxide and nitrogen separation, 
Rev. Chem. Eng. 28 (2012) 101-121. 

[13] Z. Zhang, Z.-Z. Yao, S. Xiang, B. Chen, Perspective of microporous metal-organic frameworks for 
CO2 capture and separation, Energy Environ. Sci. (2014) DOI: 10.1039/C4EE00143E. 

[14] L. Diestel, X.L. Liu, Y.S. Li, W.S. Yang, J. Caro, Comparative permeation studies of three supported 
membranes: Pure ZIF-8, pure polymethylphenylsiloxane, and mixed matrix membranes, Microporous 
Mesoporous Mater. 189 (2014) 210-215. 

[15] T. Rodenas, M. van Dalen, E. Garcia-Pérez, P. Serra-Crespo, B. Zornoza, F. Kapteijn, J. Gascon, 
Visualizing MOF Mixed Matrix Membranes at the nanoscale: towards structure-performance relationships 
in CO2/CH4 separation over NH2-MIL- 53(Al)@PI., Adv. Funct. Mat. 24 (2014) 249-256. 

82 
 

 



High flux high-silica SSZ-13 membrane for CO2 separation 

[16] J. Caro, M. Noack, P. Kolsch, R. Schafer, Zeolite Membranes - State of their Development and 
Perspective, Microporous Mesoporous Mater., 38 (2000) 3-24. 

[17] J. Gascon, F. Kapteijn, B. Zornoza, V. Sebastian, C. Casado, J. Coronas, Practical approach to zeolitic 
membranes and coatings: state of the art, opportunities, barriers, and future perspectives, Chem. 
Mater. 24 (2012) 2829-2844. 

[18] Z. Lai, G. Bonilla, I. Diaz, J.G. Nery, K. Sujaoti, M.A. Amat, E. Kokkoli, O. Terasaki, R.W. 
Thompson, M. Tsapatsis, D.G. Vlachos, Microstructural optimization of a zeolite membrane for 
organic vapor separation, Science, 300 (2003) 456-460. 

[19] J.M. van de Graaf, F. Kapteijn, J.A. Moilijn, Permeation of weakly adsorbing components through a 
silicalite-1 membrane, Chem. Eng. Sci. 54 (1999) 1081-1092. 

[20] J.A.Stoeger, J. Choi, M.Tsapatsis, Rapid thermal processing and separation performance of columnar 
MFI membranes on porous stainless steel tubes, Energy Environ. Sci., 4 (2011) 3479-3486. 

[21] J. Hedlund, J. Sterte, M. Anthonis, A.-J. Bons, B. Carstensen, N. Corcoran, D. Cox, H. Deckman, W. 
De Gijnst, P.-P. de Moor, F. Lai, J. McHenry, W. Mortier, J. Reinoso, J.Peters, High-flux MFI 
membranes, Microporous Mesoporous Mater. 52 (2002) 179-189. 

[22] T.C.T. Pham, H.S. Kim, K.B. Yoon, Growth of uniformly oriented silica MFI and BEA zeolite films on 
substrates, Science 334 (2011) 1533-1538. 

[23]  L. J. P. van den Broeke, W. J. W. Bakker, F. Kapteijn, J. A. Moulijn, Binary permeation through a 
silicalite-1 membrane, AIChE J., 45 (1999) 976-985. 

[24] X. Zhu, H. Wang, Y.S. Lin, Effect of the membrane quality on gas permeation and chemical vapor 
deposition modification of MFI-type zeolite membranes, Ind. Eng. Chem. Res. 49 (2010) 10026-
10033. 

[25] Z. Lixiong, J. Dong, M. Enze, Synthesis of SAPO-34/ceramic composite membranes, Stud. Surf. Sci. 
Catal., 105 (1997) 2211-2216. 

[26] J.C. Poshusta, V.A. Tuan, J.L. Falconer, R.D. Noble, Synthesis and permeation properties of SAPO-
34 tubular membranes, Ind. Eng. Chem. Res. 37 (1998) 3924-3929. 

[27] S. Li, J.L. Falconer, R.D. Noble, SAPO-34 membranes for CO2/CH4 separation, J. Membr. Sci. 241 
(2004) 121-135. 

[28] W. Lutz, R. Kurzhals, S. Sauerbeck, H. Toufar, J.-Chr. Buhl, T. Gesing, W. Altenburg, Chr. Jager, 
Hydrothermal stability of zeolite SAPO-11, Microporous Mesoporous Mater. 132 (2010) 31-36. 

[29] J.C. Poshusta, R.D. Noble, J.L. Falconer, Characterization of SAPO-34 membranes by water 
adsorption, J. Membr. Sci. 186 (2001) 25-40. 

[30] J. Caro, M. Noack, Zeolite membranes – recent developments and progress, Microporous Mesoporous 
Mater. 115 (2008) 215-233. 

[31] M. Noack, P. Kolsch, V. Seefeld, P. Toussaint, G. Georgi, J. Caro, Influence of Si/Al ratio on the 
permeation properties of MFI-membranes, Microporous Mesoporous Mater., 79 (2005) 329-337. 

[32] T. Tomita, K. Nakayama, H. Sakai, Gas separation characteristics of DDR type zeolite membranes, 
Microporous Mesoporous Mater. 68 (2004) 71-75. 

[33] J. Kuhn, K. Yajima, T. Tomita, J. Gross, F. Kapteijn, Dehydration performance of a hydrophobic 
DD3R zeolite membrane, J. Membr. Sci., 321 (2008) 344-349. 

[34] K. Kusakabe, T. Kuroda, K. Uchino, Y. Hasegawa, S. Morooka, Gas permeation properties of ion-
exchanged faujasite-type zeolite membranes, AIChE J. 45 (2004) 1220-1226. 

[35] K. Weh, M. Noack, I. Sieber, J. Caro, Permeation of single gases and gas mixtures through faujasite-
type molecular sieve membranes, Microporous Mesoporous Mater., 54 (2002) 27-36. 

[36] M. Zhou, D. Korelskiy, P. Ye, M. Grahn, J. Hedlund, A uniformly oriented MFI membrane for 
improved CO2 separation, Angew. Chem. Int. Ed. 53 (2014) 3492-3495. 

[37] L. Sandstrom, E. Sjoberg, J. Hedlund, Very high flux MFI membrane for CO2 separation, J. Membr. 
Sci. 380 (2011) 232-240. 

83 
 

 



Chapter 4 

[38] A. Huang, N. Wang, J. Caro, Synthesis of multi-layer zeolite LTA membranes with enhanced gas 
separation performance by using 3-aminopropyltriethoxysilane as interlayer, Microporous 
Mesoporous Mater. 164 (2012) 294-301. 

[39] H. Kalipcilar, T.C. Bowen, R.D. Noble, J.L. Falconer, Synthesis and separation performance of SSZ-
13 zeolite membranes on tubular supports, Chem. Mater. 14 (2002) 3458-3464. 

[40] S. Li, J.G. Martinek, J.L. Falconer, R.D. Noble, High-pressure CO2/CH4 separation using SAPO-34 
membranes, Ind. Eng. Chem. Res. 44 (2005) 3220-3228. 

[41] R. Zhou, E.W. Ping, H.H. Funke, J.L. Falconer, R.D. Noble, Improving SAPO-34 membrane 
synthesis, J. Membr. Sci., 444 (2013) 384-393. 

[42] Y. Tian. L. Fan, Z. Wang, S. Qui, G. Zhu, Synthesis of a SAPO-34 membrane on macroporous 
supports for high permeance separation of a CO2/CH4 mixture, J. Mater. Chem. 19 (2009) 7698-
7703. 

[43] S. Himeno, T. Tomita, K. Suzuki, K. Nakayama, K. Yajima, S. Yoshida, Synthesis and permeation 
properties of a DDR-type zeolite membrane for separation of CO2/CH4 gaseous mixtures, Ind. Eng. 
Chem. Res. 46 (2007) 6989-6997. 

[44] J. van der Bergh, W. Zhu, J. Gascon, J.A. Moulijn, F. Kapteijn, Separation and permeation 
characteristics of a DD3R zeolite membrane, J. Membr. Sci. 316 (2008) 35-45. 

[45] Y. Cui, H. Kita, K.-I. Okamoto, Preparation and gas separation performance of zeolite T membranes, 
J. Mater. Chem. 14 (2004) 924-932. 

[46] L. Wu, V. Degirmenci, P.C.M.M. Magusin, N.J.H.G.M. Lousberg, E.J.M. Hensen, Mesoporous SSZ-
13 zeolite prepared by a dual-template method with improved performance in the methanol-to-olefins 
reaction, J. Catal. 298 (2013) 27-40. 

[47] M.R. Hudson, W.L. Queen, J.A. Mason, D.W. Fickel, R.F. Lobo, C.M. Brown, Unconventional, 
highly selective CO2 adsorption in zeolite SSZ-13, J. Am. Chem. Soc. 134 (2012) 1970-1973. 

[48] T.D. Pham,, Q. Liu, R.F. Lobo, Carbon dioxide and nitrogen adsorption on cation-exchanged SSZ-13 
zeolites, Langmuir 29 (2012) 832-839. 

[49] M. Miyamoto, Y. Fujioka, K. Yogo, Pure silica CHA type zeolite for CO2 separation using pressure 
swing adsorption at high pressure, J. Mater. Chem. 22 (2012) 20186-20189. 

[50] K. Sato, K. Sugimoto, N. Shimotsuma, T. Kikuchi, T. Kyotani, T. Kurata, Development of practically 
available up-scaled high-silica CHA-type zeolite membranes for industrial purpose in dehydration of 
N-methyl pyrrolidone solution, J. Membr. Sci. 409-410 (2012)1 82-95. 

[51] N. Yamanaki, M. Itakura, Y. Kiyozumi, Y. Ide, M. Sadakane, T. Sano, Acid stability evaluation of 
CHA-type zeolites synthesized by interzeolite conversion of FAU-type zeolite and their membrane 
application for dehydration of acetic acid aqueous solution, Microporous Mesoporous Mater. 158 
(2012) 141-147. 

[52] A. Huang, N. Wang, J. Caro, Seeding-free synthesis of dense zeolite FAU membranes on 3-
aminopropyltriethoxysilane-functionalized alumina supports, J. Membr. Sci. 389 (2012) 272-279. 

[53] A. Chrakhi, H. Kazemian, M. Kazemeini, Optimized experimental design for natural clinoptilolite 
zeolite ball milling to produce nano powders, Powder Technol. 203 (2010) 389-396. 

[54] E. García-Pérez, J.B. Parra, C.O. Ania, A. García-Sánchez, J.M. van Baten, R. Krishna, D. 
Dubbeldam, S. Calero, A computational study of CO2, N2, and CH4 adsorption in zeolites, 
Adsorption 13 (2007) 469-476. 

[55] J.M. van de Graaf, F. Kapteijn, J.A. Moulijn, Methodological and operational aspects of permeation 
measurements on silicalite-1 membranes, J. Membr. Sci. 144 (1998) 87-104. 

[56] C. Gücüyener et al., Modeling permeation of binary gas mixtures across an SSZ-13 zeolite membrane, in 
preparation. 

[57] E.A. Eilertsen, B. Arstad, S. Svelle, K.P. Lillerud, Single parameter synthesis of high silica CHA zeolites 
from fluoride media, Microporous Mesoporous Mater. 153 (2012) 94-99. 

[58] A. Navajas, R. Mallada, C. Tellez, J. Coronas, M. Menendez, J. Santamaria, Study on reproducibility of 
mordenite tubular membranes used in the dehydration of methanol, J. Membr. Sci. 299 (2007) 166-173. 

84 
 

 

http://www.scopus.com/record/display.url?eid=2-s2.0-77952733390&origin=resultslist&sort=plf-f&src=s&st1=high+temperature+ddr+membrane&nlo=&nlr=&nls=&sid=9E05A26FA186E8E4B98FE80A24764294.mw4ft95QGjz1tIFG9A1uw%3a910&sot=b&sdt=sisr&sl=44&s=TITLE-ABS-KEY%28high+temperature+ddr+membrane%29&ref=%28kapteijn%29&relpos=2&relpos=2&citeCnt=12&searchTerm=%28TITLE-ABS-KEY%28high+temperature+ddr+membrane%29%29+AND+%28kapteijn%29


High flux high-silica SSZ-13 membrane for CO2 separation 

[59] I.G. Giannakopolous, V. Nikolakis, Separation of propylene/propane mixtures using faujasite-type zeolite 
membranes, Ind. Eng. Chem. Res. 44 ( 2005) 226-230. 

[60] H.H. Funke, M.Z. Chen, A.N. Prakash, J.L. Falconer, R.D. Noble, Separating molecules by size in SAPO-
34 membranes, J. Membr. Sci. 456 (2014) 185-191. 

[61] M. A. Carreon, S. Li, J.L. Falconer, R.D. Noble, Alumina-supported SAPO-34 membranes for CO2/CH4 
separation, J. Am. Chem. Soc. 130 (2008) 5412-5413. 

[62] J. van der Bergh, A. Tihaya, F. Kapteijn, Microporous Mesoporous Mater. 132 (2010) 137-147. 
[63] F. Kapteijn, J. M. van de Graaf, J. A. Moulijn, One-component permeation maximum: Diagnostic tool for 

silicalite-1 membranes? AIChE J. 46 (2000) 1096-1100. 
[64] J. van der Bergh, C. Gücüyener, J. Gascon, F. Kapteijn, Isobutane dehydrogenation in a DD3R zeolite 

membrane reactor, Chem. Eng. J. 166 (2011) 368-377. 
[65] A.M. Avila, H.H. Funke, Y. Zhang, J.L. Falconer, R.D. Noble, Concentration polarization in SAPO-34 

membranes at high pressures, J. Membr. Sci. 335 (2009) 32-36. 
[66]  F. Kapteijn, J. M. van de Graaf, J. A. Moulijn, The Delft silicalite-1 membrane: peculiar permeation 

and counter-intuitive separtion phenomena, J. Molec. Catal. A: Chem. 134 (1998) 201-208. 
[67]  M. Palomino, A. Corma, F. Rey, S. Valencia, New insights on CO2-methane separation using LTA 

zeolites with different Si/Al ratios and a first comparison with MOFs, Langmuir 26 (2010) 1910-1917. 
[68]  V.D. Borman, V.V. Teplyakov, V.N. Tronin, I.V. Tronin, V.I. Troyan, Molecular transport in 

subnanometer channels, J. Exp. Theor. Phys. 90 (2000) 950-963. 
[69]  J.M. van de Graaf, F. Kapteijn, J.A. Moulijn, Modelling permeation of binary mixtures through 

zeolite membranes, AIChE J. 45 (1999) 497-511. 
[70] B. Hunger, S. Matysik, M. Heuchel, E. Geidel, H. Toufar, Adsorption of water on zeolites of different 

types, J. Therm. Anal. 49 (1997) 553-565. 
[71] F. Jareman, J. Hedlund, D. Creaser, J. Sterte, Modelling of single gas permeation in real MFI 

membranes, J. Membr. Sci. 236 (2004) 81-89. 
[72] M. Noack, P. Kolsch, A. Dittmar. M. Stohr, G. Georgi, M. Schneider, U. Dingerdissen, A. Feldhorf, J. 

Caro, Proof of the ISS-concept for LTA and FAU membranes and their characterization by extended 
gas permeation studies, Microporous Mesoporous  Mater. 102 (2007) 1-20. 

[73] S. Himeno, T. Tomita, K. Suzuki, S. Yoshida, Characterization and selectivity for methane and carbon 
dioxide adsorption on the all-silica DD3R zeolite, Microporous Mesoporous Mater. 98 (2007) 62-69. 

[74] M. E. Ayturk, N.K. Kazantzis, Y. H. Ma, Modeling and performance assesment of Pd-and Pd/Au-
based catalytic membrane reactors for hydrogen production, Energy Environ. Sci. 2 (2009) 430-438. 

 

 

 

 

 

 

 

 

 

 

85 
 

 



 

86 
 



Chapter 5 
 

Influence of the Si/Al ratio on the separation properties of 

SSZ-13 zeolite membranes 

 

Summary 

SSZ-13 (CHA) zeolite membranes supported by α-alumina hollow fibers were prepared by a 

hydrothermal secondary growth method. The Si/Al ratio was varied between 5 and 100. The water 

adsorption depended strongly on the Si/Al ratio. Comparatively, ethanol adsorption varied less with 

membrane hydrophobicity. Consistent with these trends, low-silica membranes showed good 

performance in the pervaporative dehydration of ethanol/water mixtures. On contrary, high-silica 

membranes were found to be more effective for CO2/CH4 equimolar gas mixture separation. Together 

with increasing framework polarity, the concentration of non-zeolitic pathways (intercrystalline 

defects) increased with the Al content. The net effect of the influence of membrane polarity and defect 

density makes low-silica SSZ-13 water-selective membranes for alcohol/water pervaporation and 

high-silica SSZ-13 promising CO2-selective membranes in gas separation (CO2/CH4). 
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5.1 Introduction 

Microporous inorganic membranes are promising materials for many industrially and 
environmentally important separations [1,2]. Zeolites have attracted much attention in this field due to 
their exceptional thermal and chemical stability as well as their uniform system of subnanometer-sized 
pores [3,4]. Aside from pore size and channel dimensionality determined by the zeolite topology, 
chemical composition is another important parameter, influencing the overall performance of zeolite 
membranes. Especially, the Si/Al ratio is a variable that can be used to fine-tune the 
hydrophobic/hydrophilic nature of the zeolite. Introduction of a trivalent Al atom into the tetrahedral 
zeolite framework charges it negatively and the polarity of the zeolite increases with increasing of Al 
content [5]. Accordingly, low-silica hydrophilic zeolite membranes find application in the removal of 
water from organics, whereas high-silica zeolite membranes can be used to recover organics from 
water. Another aspect of zeolite framework polarity is its influence on membrane quality. It was 
shown for MFI membranes that increasing the Al content results in less-intergrown membranes 
resulting in non-zeolitic molecular trafficking pathways with low selectivity [ 6 ]. A reasonable 
explanation limiting intergrowth is the negative charge of growing Al-rich zeolite surfaces [7,8]. Thus, 
preparation of high-quality membranes with minimum defects requires use of high or even pure-silica 
zeolite structures. There is, however, usually a maximum Si/Al ratio to grow particular zeolites [9]. In 
order to optimize synthesis of zeolite membranes while keeping the number of defects low, systematic 
studies dedicated to the influence of Al content on the properties of zeolite membranes are necessary.  

Recently, we reported on the synthesis of high-silica SSZ-13 membranes with high permeance and 
selectivity in the separation of CO2/CH4, CO2/N2 and H2/CH4 mixtures [10,11]. SSZ-13 is a highly 
porous aluminosilicate structure with CHA topology, possessing a three-dimensional pore system of 
cages linked by 0.38 nm windows. The aluminosilicate SSZ-13 has the advantage of higher 
hydrothermal stability compared with its silicoaluminophosphate analog SAPO-34 – a material widely 
considered for construction of gas separation membranes [12,13,14,15]. In addition to gas separation 
by SAPO-34 and SSZ-13 membranes, de-watering of different organic compounds by SSZ-13 
membranes has been reported. Relevant examples of both processes are reported in Tables 5.1 and 5.2.  

Table 5.1. Literature data on pervaporation performance of SSZ-13 zeolite membranes. 

Si/Al ratio Mixture Flux / kg m-2h-1 Selectivity (α) Remarks Ref. 

3 H2O (9%) – Ethanol (91%) 4.14 39500 75 °C [16] 

3 H2O (10%) – Ethanol (90%) 11.4 >60000 
40 °C,  

highly porous support 
[17] 

8 
H2O (50%) – N-methyl 

pyrrolidone (50%) 
36 1100 130 °C [18] 

13 H2O (10%) – Ethanol (90%) 3.4 2100 
75 °C, grown from zeolite T 

seeds 
[19] 

14 H2O (30.5%) – HNO3 (69.5%)  0.07 3.3 25 °C [20] 
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Table 5.2. Literature data on gas separation performance of CHA (SSZ-13 and SAPO-34) zeolite membranes. 

Membrane Mixture 
Permeance /  

10-7 mol.m-2.s-1.Pa-1 
Selectivity (α) Remarks Ref. 

SSZ-13/ 
α-alumina 

CO2/CH4 3 40 Si/Al = 86, 20 °C, feed pressure 6 bar, Ar sweep 
gas 

[10] 
CO2/N2 3 12 

SSZ-13/ 
α-alumina 

H2/CH4 2 22 Si/Al = 86, 20 °C, feed pressure 6 bar [11] 

SSZ-13/ 
SS 

CO2/CH4 1.7 12 
Si/Al = 13, 25 °C, 2.2 bar [20] 

H2/CH4 0.8 8 

SAPO-34/ 
α-alumina 

CO2/CH4 25 9 
Macroporous support with high porosity, 23 °C,  

feed pressure 1 bar 
[21] 

SAPO-34/ 
α-alumina 

CO2/CH4 16 70 
Optimized preparation procedure, 22 °C,  

feed pressure 46 bar,  
[22] 

In the present work we report the hydrothermal synthesis and performance of SSZ-13 membranes 
supported by α-alumina hollow fibers. The membranes were prepared by secondary growth method 
with Si/Al ratio varying from 5 to 100. Scanning electron microscopy (SEM), X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS) and Ar physisorption were used for physico-
chemical characterization of membranes and corresponding zeolite powders. The quality of the 
membranes was assessed by carrying out SF6 single-gas permeation, CO2/CH4 gas separation, and 
water/ethanol separation by pervaporation. The hydrophilicity of the membranes was determined by 
water and ethanol adsorption on SSZ-13 powders. 

5.2 Experimental 

5.2.1 Membrane preparation  

Supported membranes were prepared by seeded secondary growth. First, SSZ-13 nano-crystals 
were prepared and deposited as a thin film on the inner surface of hollow fiber α-alumina supports (i.d. 
1.8 mm, o.d. 2.9 mm, total length of 70 mm, permeation area of 1.7 cm2, pores of ca. 300 nm and a 
porosity of 29 %, supplied by Hyflux) as described in Chapter 4. The initial mixture for secondary 
growth had a composition of x SiO2 : 2 NaOH : y Al(OH)3 : 2 TMAdaOH : 440 H2O, where x + y = 
10.5,  x/y = 5; 10; 25; 50; 75; 100. Membrane samples in this work are denoted according to mixture 
Si/Al ratios as follows: SM-5 refers to Si/Al = 5, SM-10 to Si/Al = 10, etc.  A typical mixture was 
prepared by mixing N,N,N-trimethyl-1-adamantammonium hydroxide (TMAdaOH 25%, SACHEM, 
Inc.) and NaOH (50%, Merck ) with demineralized water. Then Al(OH)3 (Sigma-Aldrich) was added 
and the mixture was stirred for 0.5 h until Al(OH)3 was completely dissolved. Finally, fumed silica 
(Cab-O-Sil M-5, Cabot) was slowly added upon vigorous stirring and the gel was aged for 6 h at room 
temperature. After ageing the gel was poured in 45 mL PTFE-lined autoclaves (Parr), in which the 
tubular supports wrapped with PTFE-tape supports were vertically placed. Hydrothermal secondary 
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growth synthesis was performed for 6 days at 160 °C in static conditions. Pure-silica CHA crystals 
were prepared according to a procedure reported by Eilertsen et al. [23]. First tetraethylorthosilicate 
(TEOS, Merck) was mixed with aqueous solution of TMAdaOH for 12 hours under continuous 
stirring with slow heating to 80 °C to evaporate ethanol and part of water. Then aqueous solution of 
HF (Alfa, 40%) was added dropwise and resulting dry gel with molar composition of 2 SiO2 : 1 
TMAdaOH : 1 HF : 6 H2O was transferred to a PTFE-lined autoclave and heated to 155 °C for 40 h 
with tumbling (60 rpm).  

After synthesis, the zeolite membranes and powders collected from the bottom of autoclave were 
thoroughly washed by demineralized water and dried at 100 °C overnight. Finally, SSZ-13 membranes 
were activated by calcination in pure oxygen flow at 450 °C for 80 h with heating and cooling rates of 
0.2 °C/min, while SSZ-13 powders were calcined at 650 °C for 8 h in air with heating and cooling 
rates of 1°C/min. 

5.2.2 Characterization 

The crystalline structure of the supported zeolite films was confirmed by recording XRD patterns with 
a Bruker D4 Endeavor diffractometer using Cu Kα-radiation. SSZ-13 films of different Si/Al ratio 
were prepared by the same procedure but on an α-alumina disc support for the purpose of recording 
XRD patterns, because the hollow fiber geometry is not amenable to accurate XRD analysis. The 
surface chemical composition of the membranes was analyzed by XPS using a Thermo Scientific K-
alpha spectrometer equipped with a monochromatic Al Kα X-ray source. Relative atomic sensitivity 
factors of detected elements were used to determine the surface composition. Microscopic 
characterization of the membranes was performed on a FEI Quanta 200F scanning electron 
microscope at an accelerating voltage of 5-15 kV. Chemical composition of zeolite samples was 
measured by ICP-OES (Spectro Ciros CCD ICP optical emission spectrometer with axial plasma 
viewing). Extraction was performed by dissolving the zeolite powders in HF/HNO3/H2O mixture. 
Argon adsorption-desorption measurements were carried out at -186 °C on a Micromeritics ASAP-
2020 apparatus. The t-plot method was applied to calculate the micropore volume of the zeolite 
powders. Ethanol and water adsorption isotherms on zeolite powders of different Si/Al ratio were 
measured by gravimetry as described in detail elsewhere [24]. 

5.2.3 Pervaporation and permeation experiments 

Separation of water-ethanol mixture by pervaporation were performed at 75°C. The pressure on the 
permeate side was adjusted to ca. 1 mbar and the feed mixture composition was 22  mol. % water – 78 
mol. % ethanol. The feed mixture was recirculated over the membrane at a rate of 10 ml/min by means 
of an HPLC pump. The composition of the permeate was determined by online GC equipped with 
TCD. A Rt-Q-BOND column was applied to separate ethanol from water. The separation factor (α) is 
defined as: 
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𝛼 =
𝑋𝑤𝑎𝑡𝑒𝑟/𝑋𝑒𝑡ℎ𝑎𝑛𝑜𝑙
𝑌𝑤𝑎𝑡𝑒𝑟/𝑌𝑒𝑡ℎ𝑎𝑛𝑜𝑙

 

where X and Y are molar fractions of corresponding components before and after separation, 
respectively. The permeate was cooled and collected in liquid nitrogen traps and the flux (kg m-2 h-1) 
was determined by weighing the traps in the course of pervaporation test. 

Single-gas permeation of SF6 was measured at 20°C and 6 bar with He as sweep gas. Equimolar 
CO2/CH4 mixture separation was performed in a pressure gradient mode at 20 °C and 6 bar feed 
pressure. The permeate side was kept at atmospheric pressure. Before every measurement membranes 
were kept at 200 °C for 1 h in a flow of dry N2. The composition of the feed, permeate and retentate 
gas was measured by an online gas chromatograph (Interscience Compact GC) equipped with two 
Rtx-1.5u columns, a Molsieve 5A column, a flame-ionization detector (FID) and two thermal 
conductivity detectors (TCD). Gas flows were measured by digital and soap film flow meters. The 
selectivity was calculated as the ratio of permeances of two components. Due to use of hollow fiber 
membranes the composition of the feed flow in mixture separation may change along the membrane 
length. To account for that we used the log-mean pressure difference calculated as follows: 

(Δ𝑝𝑖)𝑙𝑛 =  
�𝑝𝑖

𝑓𝑒𝑒𝑑 −  𝑝𝑖
𝑝𝑒𝑟𝑚 � − �𝑝𝑖𝑟𝑒𝑡 −  𝑝𝑖

𝑝𝑒𝑟𝑚 �

ln�
𝑝𝑖
𝑓𝑒𝑒𝑑 −  𝑝𝑖

𝑝𝑒𝑟𝑚 

𝑝𝑖𝑟𝑒𝑡 −  𝑝𝑖
𝑝𝑒𝑟𝑚 �     

 

5.3 Results and discussion 

5.3.1 Membrane preparation and physico-chemical characterization 

The XRD patterns of the SSZ-13 films (Fig. 5.1) are those of CHA zeolite with no other zeolite or 
amorphous impurities. 

 

Figure 5.1. XRD patterns of SSZ-13 α-alumina supported films. Reflections marked with asterisks correspond to α-
alumina. 

We were not able to synthesize CHA films at Si/Al ratio ratios higher than 100. Already at a Si/Al = 
125 a considerable amount of zeolite AFI was formed. Another important observation was the 
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dependence of the viscosity of the synthesis gel mixture on the Al content. With decreasing Si/Al the 
gel mixture became more viscous and the initial gel with Si/Al = 5 was so pasty that no crystalline 
product could be directly synthesized from it. However, it was possible to induce secondary growth 
from the respective seed layer on the support surface with this gel and a well- intergrown 
polycrystalline film was obtained. SEM images of the calcined SSZ-13 membranes are shown by Fig. 
5.2. The resulting films had thicknesses around 4-6 µm. The thickness did not depend on the Si/Al 
ratio. There are, however, differences in the film morphology. At high Al content (Si/Al ratio of 5 and 
10) the presence of SSZ-13 crystals in a columnar fashion is clearly visible from the cross-section 
SEM view. These columns are better intergrown with increasing Si/Al ratio. It is consistent with the 
proposed repulsion of negatively charge Al-rich zeolite crystals during growth [7,8].  

 

Figure 5.2. SEM (left) surface and (right) cross-section views of SSZ-13 membranes with Si/Al ratio of (a) 5, (b) 10, (c) 25. 
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Figure 5.2. (continuation) SEM (left) surface and (right) cross-section views of SSZ-13 membranes with Si/Al ratio of (d) 
50, (e) 75, (f) 100. 

The Si/Al ratio of zeolite crystals usually differs from the gel mixture ratio [25]. Deviations may be 
stronger due to support leaching when alumina-supported zeolite films are prepared [26]. ICP and 
XPS analysis was used to determine the Si/Al content of zeolite powders and films. Table 5.2 
demonstrates that the Si/Al ratios of the SSZ-13 zeolite powders and films are similar but generally 
lower than in the initial gel mixture.  

The influence of the composition on the textural properties of the SSZ-13 crystals was studied by 
Ar physisorption. BET surface areas and micropore volumes (Table 5.3) were similar for all materials. 
Hence, the increasing amount of Na counter-cations with increasing Al content does not have a 
significant effect on the micropore volume of SSZ-13.  
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Table 5.3. Textural properties of SSZ-13 powders obtained from the bottom of the autoclave after 
membrane synthesis and Si/Al ratio of obtained materials.  

Mixture Vmicro,  
cm3.g-1 

BET surface area, 
m2.g-1 

Si/Al 
ICP powder 

Si/Al 
XPS powder 

Si/Al 
XPS film 

5 amorphous amorphous 4.9 5 5 

10 0.24 655 9.0 9 9 

25 0.24 643 21.5 22 17 

50 0.26 690 38.3 38 35 

75 0.24 662 61.6 62 61 

100 0.25 632 85.7 86 86 

SiO2 0.25 685 - a - a n.a. 

a Below detection limit 

Water adsorption isotherms evidence a direct correlation between the Al content and zeolite 
hydrophilicity (Fig. 5.3). With increasing Al content the zeolite will take up more water. The ratio 
between number of adsorbed water moleculs at low water partial pressure and the Al sites was 
estimated by extrapolating the initial part of an isotherm to zero pressure. The resulting H2O/Al ratios 
represent the strong interaction of water molecules with the hydrophylic Na+ counterions [27,28]. 
Table 5.4 reports these values. It is shown that for every additional Al atom, and correspondingly 
every additional Na+ counterion, per unit cell ca. 1.5 water molecules are adsorbed for the most 
hydrophilic sample (Si/Al = 10). This value increases to ca. 4 water molecules per Al for the sample 
with Si/Al = 100. This result corresponds well to the values obtained by Zhang et al. [29] and Olson et 
al. [27] for a series of MFI samples with varying polarity. 

  
Figure 5.3. Water adsorption isotherms of SSZ-13 powders 
with different Si/Al ratio measured at 25 °C by gravimetry. 

Figure 5.4. Ethanol adsorption isotherms of SSZ-13 powders 
with different Si/Al ratio measured at 25 °C by gravimetry. 

The adsorption isotherms for ethanol are resented in Fig. 5.4. The adsorption of ethanol also 
increases with decreasing Si/Al ratio. The dependence on the Si/Al content is however weaker than for 
water uptake, because ethanol is less polar. The total amount of adsorbed ethanol per unit cell at the 
highest partial pressure varies from ca. 5.5 for pure-silica CHA to ca. 6.5 for the sample SM-10. These 
values are in agreement with the results of Denayer et al. who studied adsorption of linear alcohols 
and hydrocarbons on chabazite zeomaterials [ 30 , 31 ] and obtained a value of 5.5 ethanol 
molecules/unit cell at 26 °C.  
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Table 5.4. Initial water uptake on SSZ-13 powders with varying Si/Al ratio. Al/UC and 
H2O/UC– numbers of aluminum atoms and water molecules per unit cell respectively, 
H2O/Al – number of water molecules per Al atom. Unit cell is defined as 
𝑁𝑎𝑥+ [𝐴𝑙𝑥  𝑆𝑖(36−𝑥)𝑂72] 

Si/Al ratio Al/UC H2O/UC H2O/Al 

9 3.6 5.4 1.5 

21.5 1.6 4.6 2.9 

38.3 0.9 3.6 3.9 

61.6 0.6 1.8 3.1 

85.7 0.4 1.7 4.2 

∞ 0 1.1 n.a. 

5.3.2 Single gas permeation and CO2/CH4 separation 

The results of H2 and SF6 single gas permeation measurements for these membranes are given in 
Fig. 5.5. As SF6 (kinetic diameter of 0.55 nm) is larger than the SSZ-13 pores (0.38 nm), comparison 
of single-gas SF6 and H2 permeation is regarded a reliable method to determine the quality of CHA 
membranes [32]. Fig. 5.6 shows that the permeances of both gases decreases with decreasing Al 
content.  

 

Figure 5.5. Single-gas H2 and SF6 permeation and H2/SF6 ideal permselectivity of SSZ-13 membranes with varying Al 
content. Conditions: 20 °C, 6 bar feed pressure, 1 bar permeate pressure. 

 
We attribute this effect mainly to reduction of the density of defects as evidenced by the increasing 

of H2/SF6 selectivity from ca. 30 for SM-5 to ca. 550 for SM-100. In addition, SF6 single-gas 

permeation results allow us to estimate the contribution of hydrogen flow through defects to the 
overall hydrogen permeance (Fig 5.6). Assuming SF6 only permeates through defects by Knudsen 
diffusion and neglecting surface diffusion, we estimate the defect contribution for hydrogen 
permeation via [33] 

Π𝑖 =  Π𝑆𝐹6 ∙  �
𝑀𝑤 (𝑆𝐹6)
𝑀𝑤(𝑖) 

 

95 
 



Chapter 5 

where Π𝑖 – permeance of gas i, 𝑀𝑤(𝑖) – molecular mass of gas i. 

The results show that the defect contribution progressively decreases from 26% for the most defective 
membrane with Si/Al = 5 to 1.5% for the highest quality membrane (SM-100). Hence, introduction of 
Al, indeed, leads to SSZ-13 films of increased defectivity. Since no macro-defects could be observed 
by SEM, we argue that open grain boundaries [34] and defects of similar dimensions are present in 
these membranes.  

 
Figure 5.6. Fraction of hydrogen flow through non-zeolitic pores (defects) as estimated from SF6 single-gas permeation.  

The membranes were evaluated for their performance in CO2/CH4 mixture separation. The results 
are shown in Fig. 5.7. SSZ-13 membranes are generally CO2-selective and the selectivity is based on 
the much stronger adsorption of CO2 [35] and its smaller kinetic diameter [36]. In agreement with 
SEM and SF6 single gas permeation results membranes with high Al content show low selectivity in 
gas mixture separation. On the contrary, the highest quality membrane SM-100 demonstrates a good 
performance with a selectivity of 45 and a CO2 permeance of 3 x 10-7 mol.m-2.s-1.Pa-1. These results 
confirm that gas separation by zeolite membranes is very sensitive to the presence of the non-zeolitic 
defects in the selective layer [37]. We argue that a lower Al content can, in principle, yield membranes 
with minimal number of defects. However too low Al contents were not achievable, as competing 
zeolite phases such as AFI formed when the Si/Al ratio was 125.  
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Figure 5.7. CO2/CH4 mixture separation by SSZ-13 membranes with varying Al content. Conditions: equimolar CO2/CH4 
mixture, 20 °C, 6 bar feed pressure, 1 bar permeate pressure. 

As CO2/CH4 mixture gas separation results correlate very well with the conclusions drawn from SF6 
single gas permeation, the latter is a useful tool for evaluation of SSZ-13 membrane quality. We argue 
that comparison of H2 and SF6 single gas permeances can serve as a facile quality test for this type of 
membranes. 

5.3.3 Water/ethanol separation by pervaporation 

Separation of liquid water/ethanol mixtures (22/78 mol./mol.) was performed at a temperature of 
70 °C and the results are presented in Fig. 5.8. The trends in pervaporation performance are very 
different from the trends obtained for gas separation.  

 

Figure 5.8. Water/ethanol separation by pervaporation with SSZ-13 membranes of different Al content. Closed symbols – 
selectivity, open symbols – flux. Conditions: 5 wt.% water – 95 wt.% ethanol, 75 °C, permeate pressure ca. 1 mbar. 

The highest selectivity was obtained for SSZ-13 membrane SM-10 (150) followed by sample SM-5 
(85). With further decrease of the Al content, the selectivity decreases to a value of 6 for the SM-100 
membrane. Despite their low polarity high-silica membranes SM-50, SM-75 and SM-100 are also 
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water selective. This can be explained by the higher mobility of smaller water molecules in the SSZ-
13 pores compared to ethanol (i.e. size selectivity), similar effect was shown by Kuhn et al. for 
water/ethanol pervaporation by 8MR DDR membranes [ 38]. Thus, although stronger adsorption 
would be expected to favor ethanol selectivity, it is the faster diffusion of water that leads to good 
water selectivity of high-silica SSZ-13 membranes.  

The main reasons for better performance of membranes with high Al content are (i) high polarity of 
Al-rich zeolites and thus selective adsorption of water resulting in higher separation selectivity, and 
(ii) the hydrophilic nature of defects facilitating selective water transport and resulting in higher flux 
[39]. From this perspective, the fact that the less polar membrane SM-10 performs worse than SM-5 
demands an explanation. We suppose that larger and non-selective defects, forming in the latter 
membrane during membrane synthesis due to stronger repulsion of growing SSZ-13 crystals may be 
the cause. Similar conclusions were drawn by Noack et al. [40], who varied Al content of MFI 
membranes and found that optimal Si/Al ratio was a trade-off between membrane polarity and its 
quality in terms of defects. For the herein studied SSZ-13 membranes, SEM (Figs. 5.2a and 5.2b) 
shows that lower-silica SM-5 membranes are less intergrown than SM-10. High-resolution SEM [41] 
and high-resolution permporometry [ 42 ] studies may help to properly compare defect size 
distributions of these membranes. 

The most polar SSZ-13 membranes SM-5 and SM-10 prepared in this study show moderate 
pervaporation selectivity and high fluxes as compared to, for instance, performance of analogous LTA 
[43] and DDR [38] membranes in similar conditions. Moderate water selectivity probably caused by 
high adsorption capacity of SSZ-13 materials to ethanol, while high fluxes of prepared SSZ-13 
membranes can be explained by relatively thin zeolite layer and high porosity of CHA structure itself. 
Even so, we expect to obtain better pervaporation performance by using more porous supports [44] 
than applied α-alumina hollow fibers and decreasing SSZ-13 layer thickness. 

5.4 Conclusions 

By varying Si/Al ratio of SSZ-13 membranes we were able to tune their gas and liquid separation 
performance. Applied secondary growth method of SSZ-13 pre-seeded layers allowed to obtain zeolite 
films in a broad Si/Al ratio range of 5 – 100. Ar physisorption tests showed that Si/Al ratio has a 
minor effect on the textural properties of SSZ-13 materials. On the other hand, the zeolite polarity is 
significantly affected as shown by enhanced water adsorption capacity with increased Al content. For 
every additional Al atom in the SSZ-13 unit cell ca. 1.5 water molecules are adsorbed. Accordingly, 
SSZ-13 membranes of lower Si/Al ratio were found to be more effective in separation of water from 
ethanol by pervaporation. On the other hand, decreasing Al content resulted in membranes with lower 
concentration of non-zeolitic defects and, thereafter, better performance in CO2/CH4 gas mixture 
separation.  
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Chapter 6 
 

Influence of support morphology on the detemplation and 

permeation of zeolite membranes 

 

Summary 

Supported SSZ-13, ZSM-5 and DNL-6 membranes were prepared by hydrothermal secondary growth 

on the surface of α-alumina hollow fibers. The effect of support surface roughness and porosity, 

zeolite topology and zeolite film thickness on the thermal behavior of composite membranes during 

detemplation was investigated. The quality of the prepared membranes was characterized by SEM, 

single and mixture gas permeation tests and adsorption-branch permporometry. The surface roughness 

of α-alumina hollow fiber supports strongly influences the thermal stability of the zeolite films. SSZ-

13 and ZSM-5 membranes prepared on supports with a relatively rough surface can be safely 

detemplated without formation of cracks by calcination (450-500 °C), whereas membranes prepared 

on very smooth surface supports became cracked under similar conditions. In such case ozonication at 

lower temperature was found to be effective to detemplate the membranes without formation of 

cracks. It was not possible to successfully detemplate well-formed DNL-6 zeolite films by calcination 

or ozonication procedures. 

 

This chapter was published in Microporous Mesoporous Mater., 2014, 197, 268-277. 

101 
 



Chapter 6 

6.1 Introduction 

Uniform pores of molecular dimensions, high adsorption capacity and high thermal and chemical 
stability make zeolites suitable materials for the synthesis of molecular sieving and adsorption-
selective membranes [1,2]. Various zeolite topologies have been found conducive to formation of thin 
supported layers that can act as membranes for separation of gas and liquid mixtures [ 3, 4 , 5]. 
Commercially, hydrophilic low-silica Na-A (LTA) zeolite membranes are exploited for separation of 
water from alcohol-water mixtures in alcohol dehydration plants [6]. Typically, these membranes can 
achieve separation factors in the order of 103-105 at a water flux of 1-10 kg.m-2.h-1 [7]. Currently, 
further penetration of zeolite membranes in industry for pervaporation and gas separation purposes is 
mainly hindered by high fabrication cost [ 8, 9]. In order to maintain reasonable permeance and 
mechanical strength zeolite membranes are usually deposited as thin films on porous ceramic supports.  
Asymmetric ceramic and stainless steel supports containing several layers with smooth surfaces are 
typically applied as supports. Such materials, often tailored for the purpose of membrane 
manufacturing, may constitute up to 70% of the total membrane fabrication cost [10,11]. Single-layer 
symmetric tubular supports prepared by extrusion are cheaper [12]. Recently, efforts have been made 
to synthesize MFI [13] and LTA [14] films on coarse extruded supports containing many microscopic 
imperfections. In both cases, good-quality membranes can be obtained by using optimized surface 
seeding procedures.  

Another important aspect of zeolite membranes is their framework Si/Al ratio. High-silica zeolite 
membranes usually display better quality with less defects than low-silica ones. Also, the 
hydrothermal and chemical stability of high- silica zeolite membranes is higher [15]. The reason for 
the lower quality of membranes fabricated from zeolite with high Al content is the repulsion of the 
growing zeolite crystals, resulting in defects and open grain boundaries [16]. Examples of high-silica 
zeolite membranes of excellent quality and with minimum density of non-zeolitic pores are available 
in literature [17,18]. It is worthwhile to mention the promising performance of ZSM-5 (MFI, ca. 0.55 
nm pores) membranes in the separation of p-xylene/o-xylene [ 19, 20], butane isomers [ 21] and 
CO2/H2 mixtures [22]. SSZ-13 (CHA) [23] and DDR [24] (~0.4 nm pores) membranes are able to 
separate mixtures of light gases such as CO2/CH4 and CO2/N2 with high selectivity based on 
differences in molecule size and adsorption strength.  

The synthesis of zeolites with low Al content typically requires the use of organic 
templates/structure-directing agents (SDA). These templates are occluded in the zeolite pores after 
hydrothermal synthesis and must be removed to open the pores for gas diffusion [ 25 ]. The 
conventional way of detemplation, which involves oxidative treatment usually above 500 °C, can 
cause formation of cracks within the zeolite film and deterioration of membrane quality [ 26 ]. 
Mismatch between the thermal expansion coefficients of the zeolite and the ceramic support is 
considered to be the main reason for the temperature-induced formation of these defects [27, 28]. 
Several methods to avoid crack development, including template-free synthesis [ 29], the use of 
additional layers [30], pore-plugging synthesis [31], ozone treatment to remove the SDA at lower 
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temperatures (ozonication) [32,33], rapid thermal processing [34,35] and detemplation in pure oxygen 
flow [36] have been proposed. Among these, the recently developed promising ozonication technique, 
which typically involves the use of an ozone-oxygen mixture (ca. 2% of ozone) and allows removal of 
the SDA at much lower temperature, i.e. 250°C. To the best of our knowledge only MFI [37,38] and 
ITQ-29 [39] membranes have been detemplated by ozonication to help improve final membrane 
quality.  

In this work, we studied the influence of the morphology of the support surface on the preparation 
of zeolite films. The objective is to understand how surface roughness and curvature of the hollow 
fibers affect the membrane properties and how possible adverse effects can be countered by adopting 
the preparation procedure. Relatively inexpensive symmetric α-alumina hollow fiber supports 
prepared by extrusion as well as multi-layered asymmetric supports, having similar geometry and 
chemical composition but containing a much smoother and uniform surface, were compared. After 
proper characterization of these materials, they were employed as supports for ZSM-5 and SSZ-13 
films by the secondary growth method. In addition, continuous DNL-6 (RHO) films were for the first 
time prepared. The influence of the detemplation method was investigated. The quality of the 
membranes was evaluated by scanning electron microscopy (SEM), adsorption-branch permporometry 
and gas mixture separation.  

6.2 Experimental 

6.2.1 Membrane supports and chemicals 

Two types of porous ceramic supports were used for the preparation of the SSZ-13 and ZSM-5 
membranes: (i) symmetric (SYM) α-alumina hollow fibers obtained from Hyflux CEPAration (70 mm 
length, i.d. 1.8 mm, o.d. 2.9 mm, permeation area 170 mm2) and (ii) asymmetric (ASYM) α-alumina 
hollow fibers obtained from Fraunhofer institute, Hermsdorf (70 mm length, i.d. 1.9 mm, o.d. 2.9 mm, 
permeation area 179 mm2). DNL-6 membranes were prepared only on SYM supports. Before 
membrane synthesis, the supports were cleaned and sealed with ceramic glaze as discussed in our 
previous work [40].  

The following chemicals were used for the synthesis of ZSM-5, SSZ-13 and DNL-6 membranes: 
tetraethylorthosilicate (TEOS, Merck), tetrapropylammonium hydroxide (TPAOH 40%, Merck), 
N,N,N-trimethyl-1-adamantammonium hydroxide (TMAdaOH 25%, SACHEM, Inc.), fumed silica 
(Cab-O-Sil® M-5, Cabot), NaOH (50%, Merck), Al(OH)3 (Sigma-Aldrich), aluminum tri-
isopropoxyde (Al(i-OPr)3, Sigma-Aldrich), hexadecyltrimethylammonium bromide (CTAB, Merck),  
and deionized water. 

6.2.2. Preparation of zeolite membranes 

Supported membranes were prepared by seeded secondary growth. Table 1 lists the synthesis 
conditions. The procedure to synthesize SSZ-13 crystals was adopted from the work of Zhu et al. [41], 
while for synthesis of DNL-6 crystals the work of Su et al. [ 42 ] was followed with slight 
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modifications. First, seed crystals were prepared from clear solutions. The initial mixture was stirred 
in a PTFE beaker at room temperature and then poured into an autoclave equipped with a PTFE liner. 
The autoclave was closed and placed in a preheated oven at static conditions or with tumbling. The 
autoclave was then quickly cooled by cold tap water.  

Table 6.1. Synthesis conditions of ZSM-5, SSZ-13 and DNL-6 seed crystals and membranes 

 Seed crystals Secondary growth 

Zeolite Silicalite-1 SSZ-13 DNL-6 ZSM-5-110 ZSM-5-150 SSZ-13 DNL-6 

Mixture 

composition 

(molar ratios) 

8 TEOS 

1 TPAOH 

500 H2O 

10.4 SiO2 

2 NaOH 

0.13 Al(OH)3 

2TMAdaOH 

440 H2O 

2 TEOS 

10 DEA 

8 H3PO4 

10 Al(i-OPr)3 

500 H2O 

3.5 TEOS 

1 TPAOH 

50 H2O 

10.5 SiO2 

2 NaOH 

0.105 Al(OH)3 

2TMAdaOH 

440 H2O 

2 TEOS 

10 DEA 

8 H3PO4 

10 Al(i-OPr)3 

1 CTAB 

500 H2O 

Ageing 15 h 5 h 0.5 h 5 h 5 h 0.5 h 

Heating 
Conventional 

Static 

Conventional 

Tumbling 

Conventional 

Tumbling 

Microwave 

Static 

Conventional 

Static 

Conventional 

Tumbling 

Temperature 150°C 160°C 200°C 110°C 150°C 160°C 200°C 

Duration 72 h 144 h 24 h 12 h 144 h 24 h (x3 times) 

The final silicalite-1 seed suspension had a solid concentration of 2 % and a pH of 3-4 adjusted by 
few drops of 1% HCl solution. The SSZ-13 seed suspension had a solid concentration of 0.5% and a 
pH of 6-7. The DNL-6 suspension had a solid concentration of 1% and a pH of 3-4. The as-
synthesized SSZ-13 and DNL-6 crystals had dimensions of up to 10 μm, requiring their ball milling as 
described by Charkhi et al. [43]. The final suspension of SSZ-13 and DNL-6 nano-crystals with a 
mean size of ca. 100 nm was processed in a similar manner as the silicalite-1 crystals. The α-alumina 
supports were coated with a layer of zeolite nano-crystals by dip coating. For this purpose, the pH of 
the silicalite-1 and DNL-6 seed suspension was adjusted to 3-4 by adding a few drops of 0.27 M HCl, 
while the pH of SSZ-13 suspension was kept as prepared. The seed crystals were coated on the inner 
support surface by dip coating. This was performed by flowing the seed crystals suspension using a 
peristaltic pump over the vertically placed supports. The coating suspension was first made to move up 
and then down, this cycle being repeated three times. The total coating time was 10-15 s. After 
coating, supports were dried at 110 °C overnight. Only for SSZ-13 this seeding procedure was done 
twice. After seeding, the silicalite-1 coated supports were calcined at 500 °C for 8 h, whereas SSZ-13 
and DNL-6 seeded supports were directly subjected to secondary growth. 

After proper mixing, the solutions for secondary growth were poured in PTFE-lined autoclaves. 
The autoclaves were placed in an oven (either a microwave oven or a conventional oven). The 
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microwave oven was operated at 1 kW in continuous mode. In order to obtain ZSM-5 films of 
different thickness two synthesis temperatures were applied: 110 °C (samples denoted as ZSM-5-110) 
and 150°C (ZSM-5-150). After hydrothermal synthesis, the zeolite membranes were thoroughly 
washed by demineralized water and dried at 110 °C overnight. After a leak test (vide infra), ZSM-5 
membranes were activated either by calcination in artificial air at 500 °C for 8 h with heating and 
cooling rate of 1 °C/min (SYM membranes) and at 450 °C for 8 h with heating and cooling rate of 0.2 
°C/min (ASYM membranes) or by ozonication at 250 °C for 72 h with heating and cooling rates of 10 
°C/h (ASYM) as described by Kuhn et al. [38]. For SSZ-13 membranes, if not stated otherwise, the 
calcination was performed in a flow of pure oxygen at 450 °C for 80 h with heating and cooling rates 
of 0.2 °C/min. Ozonication was performed at 250 °C for 120 h with heating and cooling rates of 10 
°C/h. Detemplation of DNL-6 films was performed by ozonication at 250 °C for 120 h with heating 
and cooling rates of 10 °C/h and calcination in flow of air (550 °C, 0.2 °C/min, 8 hours), pure oxygen 
(450 °C, 0.2 °C/min, 80 hours) and helium (350 °C, 0.2 °C/min, 12 hours). 

6.2.3 Membrane characterization 

The physico-chemical properties of the α-alumina hollow fiber supports applied in this work were 
determined by Mercury Intrusion Porosimetry (MIP), X-ray Photoelectron Spectroscopy (XPS), X-ray 
diffraction (XRD) and SEM. Supported ZSM-5, SSZ-13 and DNL-6 membranes were characterized 
by XRD, SEM, a pre-calcination leak test, benzene adsorption-branch permporometry (ZSM-5) and 
light gas separation (SSZ-13).  

The porosity and the pore size distribution of the supports were evaluated by MIP using an 
AutoPore IV 9500 instrument. The crystalline structure of the supports and the supported zeolite films 
was confirmed by recording XRD patterns with a Bruker D4 Endeavor Diffractometer using Cu Kα-
radiation. For the purpose of XRD, SSZ-13, MFI and DNL-6 layers were prepared by the same 
procedure but on an α-alumina disc support, because the use of hollow fibers does not allow proper 
XRD analysis. The surface chemical composition was analyzed by XPS using a Thermo Scientific K-
alpha spectrometer equipped with a monochromatic Al Kα X-ray source. Microscopic characterization 
of zeolite layers and supports was performed on a FEI Quanta 200F scanning electron microscope at 
an accelerating voltage of 5-15 kV. Thermogravimetric analysis (TGA) of the detemplation process 
was done using Mettler Toledo TGA/DSC analyzer. 

For permporometry and separation tests we used the setup described elsewhere [23]. Adsorption-
branch permporometry experiments were performed to evaluate the quality of the ZSM-5 membranes. 
Helium was used as the non-adsorbing gas and benzene as adsorbate at room temperature. The 
pressure difference across the membrane was set at 50 kPa and the desired relative pressure of benzene 
was achieved by diluting the flow with pure He and controlling the temperature of the saturator 
containing benzene. For every membrane we typically measured six points corresponding to relative 
pressures of benzene from 0 to 0.5. The quality of SSZ-13 membranes was evaluated by measuring the 
separation of equimolar CO2/CH4 and CO2/H2 mixtures. The separation was performed in pressure 
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gradient mode at 0.6 MPa total feed pressure and atmosphere pressure on the permeate side. The 
composition of permeate, retentate and feed mixtures was analyzed by online gas chromatography 
(CompactGC, Interscience) equipped with 2 Rtx-1.5u columns, a flame-ionization detector (FID) for 
CH4 analysis and a thermal conductivity detector (TCD) for other gases. The flux through the 
membrane was measured by a digital and bubble flow-meters. The mixture selectivity (α) was defined 
as the ratio of permeances of two components. Due to its low flux, the SF6 permeance was determined 
by using 200 ml/min of He as the sweep gas. 

6.3 Results and discussion 

6.3.1 Characterization of supports 

In order to assess the influence of the structure and surface roughness of the support on the zeolite 
membrane we chose two support types with similar hollow fiber geometry and chemical composition. 
The difference is that one support (SYM) consists of one layer, while the other one (ASYM) consists 
of two layers, a coarse one and a fine one on top of it. The curvature of the SYM support is only ca. 
5% higher than that of the ASYM support, where support curvature is defined as the reciprocal of its 
internal radius. We carried out detailed physico-chemical characterization of these two supports. XPS 
and XRD of the ground supports (Fig. 6.1) did not reveal any inorganic impurities and α-alumina was 
the only crystalline phase.  

 
Figure 6.1. XPS survey spectra (a) and XRD patterns (b) of porous α-alumina supports (bottom: SYM; top: ASYM). 

 
Figure 6.2. Mercury intrusion porosimetry of (solid line) SYM and (dashed line) ASYM porous α-alumina supports. 
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The pore size distribution of the ASYM support, as estimated by mercury porosimetry, is bimodal 
with larger pores of about 700 nm deriving from the coarse layer and smaller pores with sizes centered 
around 200 nm from the second fine layer (Fig. 6.2). The pore size distribution of the SYM support is 
somewhat broader with the center located at around 300 nm. The total porosities of the SYM and 
ASYM supports are 29 and 34 %, respectively. The difference in structure and porosity has a profound 
effect on the single-gas permeation performance (Table 6.2). Permeance through the ASYM supports 
is about three times higher than through the SYM ones.  

Table 6.2. Single-gas permeation through  applied supports. Conditions:20 °C, 50 kPa pressure drop. 

Support 
Permeance, 10-7 mol.m-2.s-1.Pa-1 

Hydrogen Helium Nitrogen 

SYM 198 155 69±6 

ASYM 602 442 220±3 

SEM analysis of the supports stresses the substantial difference in surface topology (Fig. 6.3). The 
surface of the ASYM support is very smooth. Particles on the fine top layer are uniform with sizes of 
300-500 nm. The surface of the SYM support is significantly rougher and is characterized by many 
holes and irregularities. The particle size varies from 500 to 5000 nm, consistent with the much higher 
surface roughness. 

 

Figure 6.3. SEM images of (a, b) SYM and (c, d) ASYM porous α-alumina supports. 
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6.3.2 Preparation and detemplation of ZSM-5 membranes 

ZSM-5 membranes were prepared by microwave-assisted secondary growth as discussed in 
literature [44]. With increasing the synthesis temperature from 110 to 150 °C the zeolite film thickness 
increases from 1 to 5 µm. It is also seen that the crystallographic orientation shifts to h0l and 00l 
directions at higher synthesis temperature, as illustrated by the XRD patterns in Fig. 6.4. This change 
can be explained by the fact that the c-direction of MFI structure has the fastest growth rate [45] and, 
hence, at similar synthesis conditions the thicker the membrane the more c-oriented it becomes. The 
Si/Al ratio of 1 µm films is ca. 130 and it is ca. 90 for 5 µm membranes [43].  

 
Figure 6.4. XRD patterns of ZSM-5 layers synthesized by microwave-assisted secondary growth on α-alumina disc support: 

(a) ZSM-5-110 and (b) ZSM-5-150. Reflections from α-alumina marked with asterisks. 

Membranes prepared on different supports under similar conditions appear very similar. Fig. 6.5 
shows SEM images of ZSM-5 membranes calcined at 500 °C. The roughness of the SYM support is 
still apparent for the 1 µm thick membrane. The thin layer cannot completely cover all the 
imperfections of the SYM support. Nevertheless, no temperature-induced cracks could be observed 
after calcination on the surface of any thin or thick ZSM-5 membranes prepared on the SYM support. 
More than 50 samples of this type were studied by SEM analysis. Moreover, in accordance with 
literature [46] the quality of these membranes did not depend on the applied for calcination heating 
rate, which was varied between 0.2 - 5 °C/min.  
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Figure 6.5. SEM (left) cross-section and surface views of calcined ZSM-5 membranes: (a) ASYM ZSM-5-110; 

(b) SYM ZSM-5-110; (c) ASYM ZSM-5-150; (d) SYM ZSM-5-150. 

On the contrary, the surface of all of the calcined (heating rate 0.2 °C/min) ZSM-5 membranes on 
the ASYM support contains many cracks. In this case, we investigated more than 20 samples with 
different thickness of the zeolite layer. Fig. 6.6 shows representative cracks in these membranes, 
which typically run all the way through the membrane until the top of the fine α-alumina layer. Fig. 
6.7 shows permporometry results for ZSM-5 films of different thickness synthesized in independent 
experiments. In all the cases and in accordance with SEM observations, the quality of membranes 
supported on the SYM supports was much higher as evidenced by the much stronger decrease of the 
He flow after addition of benzene vapor. We argue that formation of cracks is related to support 
smoothness. A zeolite film that is less adhered to the rough surface of SYM support has more freedom 
to expand and contract upon calcination. Thus, stress accumulating within the zeolite layer can be 
released without formation of cracks in case of SYM supports.  
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Figure 6.6. SEM images of cracks in the ZSM-5 films for the ASYM support: (a) ZSM-5-110 and (b) ZSM-5-150. 

 
Figure 6.7. Adsorption-branch benzene permporometry for calcined ZSM-5 films on (empty symbols) ASYM and (filled 

symbols)SYM supports: (a) ZSM-5-110 and (b) ZSM-5-150. 

This difference is schematically illustrated by Fig. 6.8. It should be noticed that literature contains 
many successful examples of calcination of zeolite membranes supported on very smooth surfaces of 
disc and tubular supports [24,47,48,49]. However, we conclude that the hollow fiber geometry and 
specifically its high curvature induces additional stress on the supported zeolite film during 
calcination. 

 

Figure 6.8. Detemplation scheme of zeolite films on (top) smooth and (bottom) rough support surfaces. 

To detemplate the ZSM-5 films supported on ASYM supports we also used ozonication. This was 
successful and no cracks were observed by SEM analysis. Fig. 6.9 shows permporometry curves for 
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ozonicated membranes and Table 6.3 summarizes all the permporometry data for prepared ZSM-5 
membranes. 

 
Figure 6.9. Adsorption-branch benzene permporometry curves of ozonicated ZSM-5 films on ASYM supports (empty symbols 

- membranes calcined after ozonication at 450°C for 6 hours (0.2°/min): (a) ZSM-5-110 and (b) ZSM-5-150). 

The quality of the ozonicated membranes is much higher than the quality of their calcined 
counterparts. This difference is illustrated by the more than 30 times lower permeance through the 
defects at high benzene pressure. On the other hand, the permeance at P/P0

benzene = 0 is only slightly 
lower for the ozonicated membranes, which means that He predominantly permeates through zeolite 
pores for ozonicated samples and through defects for calcined membranes prepared on ASYM 
supports.  

Table 6.3 Influence of detemplation procedure on the properties of ZSM-5 membranes grown on different substrates. 

Sample Thickness Support Treatment 
He permeance, 10-7 mol.m-2.s-1

.Pa-1 vs P/P0
benzene 

P/P0
benz. = 0  P/P0

benz.
 = 0.5 %b 

ZM-1 1 μm SYM Calcined 500°C  4.12 0.37  8.9 

ZM -2 1 μm SYM Calcined 500°C  3.11 0.28  8.8 

ZM -3 5 μm SYM Calcined 500°C  2.90 0.03  1.1 

ZM -4 5 μm SYM Calcined 500°C  2.61 0.04  1.4 

ZM -5 1 μm ASYM Calcined 500°C 18.5 7.42  40 

ZM -6 5 μm ASYM Calcined 500°C 13.8 11.8  86 

ZM -7 1 μm ASYM Ozone  14.6 0.33  2.3 

ZM -8 1 μm ASYM 
Ozone 13.6 0.21  1.5 

+calcined 450°Ca 15.6 4.42 28 

ZM -9 5 μm ASYM Ozone 3.05 0.21  6.9 

ZM -10 5 μm ASYM 
Ozone  4.11 0.28  6.9 

+calcined 450°Ca 22.1 14.5  66 

a After permporometry tests these samples were calcined in air; b Percentage of He flow at P/P0benz. = 0.5 from initial He 

flow at P/P0benz. = 0 
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Hence, we conclude that ozonication is a suitable method to detemplate membranes, which would 
otherwise deteriorate during conventional high temperature calcination.  

Comparing ozonicated ASYM membranes with different thickness of the zeolite layer, SEM 
analysis did not show any cracks. Still, it was found by permporometry that the thinner membranes 
had better quality. The most reasonable explanation is the formation of open grain boundaries within 
thicker and more c-oriented zeolite layers, where compression forces are higher [50]. Furthermore, the 
thermal stability of ozonicated membranes was determined and it was found that ZSM-5 films on 
smooth ASYM support deteriorate after even a brief calcination treatment of 1 h at 450 °C. Thus, 
although such membranes can be detemplated successfully at lower temperature by ozonication, the 
resulting zeolite layer remains prone to cracking at high temperature. This limits the possibilities of 
high-temperature operation and also regenerative calcination treatments. On the contrary, the quality 
of membranes on the more rough surface of SYM supports is preserved after multiple heating-cooling 
steps at 550°C [43]. 

As expected, He permeance through membranes supported by less resistant ASYM supports is 
higher. Comparison of ZSM-5 membranes with similar quality shows that the He permeance at 
P/P0

bezene  = 0 through ASYM membranes is four times higher than through SYM membranes for 1 μm 
thick membranes (ZM-1, ZM-2 and ZM-7, ZM-8), and only ca. 1.3 times higher for 5 μm membranes 
(ZM-3, ZM-4 and ZM-9, ZM-10). This difference can be explained by the fact that the support 
resistance influences more permeable zeolite films stronger, because increasing flow through the 
zeolite layer increases the interfacial pressure drop [48]. Hence, supports with optimized morphology 
offer a way to obtain membranes with high permeance. 

6.3.3 Preparation and detemplation of SSZ-13 membranes 

High-silica pure SSZ-13 (Fig. 6.10) membranes (Si/Al ≈ 100) were prepared by the secondary 
growth method on the two supports. Such membranes can be applied for efficient separation of 
permanent gases [23].  

 
Figure 6.10. XRD patterns of SSZ-13 film synthesized on α-alumina disc support (reflections from α-alumina marked with 

asterisks). 
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SEM analysis of the resulting membranes (Fig. 6.11) shows that their morphology and thickness 
(4-6 µm) are similar for both support types. Nevertheless, the thermal behavior of the membranes is 
very different. Contrary to ZSM-5 membranes, conventional air calcination at 550 °C resulted in SSZ-
13 membranes of poor quality for both support types. The air calcination program was optimized to a 
temperature of 450 °C, the use of pure O2 and prolonged time (80 h) to safely detemplate the zeolite 
film on the SYM support. The zeolite films on the ASYM supports were severely damaged by the 
same treatment. Inspection by SEM revealed many wide cracks in these latter membranes. The SF6 

permeance was in the order of 10-6
 mol.m-2.s-1.Pa-1 and the CO2/CH4 and H2/CH4 separation 

selectivity was close to unity. 

 
Figure 6.11. SEM (a) cross-section and (b,c) surface views of calcined (450°C, O2) SSZ-13 membranes on (left) ASYM and 
(right) SYM supports. 

The targeted quality criteria were high CO2/CH4 and H2/CH4 separation selectivity (Table 4) and low 
SF6 permeance. Permeance of SF6 is a reliable measure of the quality of SSZ-13 membranes, as its 
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kinetic diameter (0.55 nm) is larger than the apertures in SSZ-13 (0.38 nm). Accordingly, we conclude 
that the roughness of the SYM supports aids in avoiding cracking of the SSZ-13 zeolite layer during 
its detemplation as compared to films formed on the smoother ASYM support. This conclusion is very 
similar to the one drawn for ZSM-5 membranes. A difference is that the SSZ-13 films are more prone 
to cracking than the ZSM-5 films. 

Table 6.4. Influence of detemplation procedure on the properties of SSZ-13 membranes grown on different substrates. 

Sample Support Treatment 
CO2/CH4 separation H2/CH4 separation SF6 

permeance b α a CO2 permeance b α a H2 permeance b 

SM-1 SYM calcined 550°C (air) 1.7 5.6 2.1 7.3 1.6 

SM-2 SYM calcined 550°C (air) 1.6 4.2 2.2 5.9 1.1 

SM-3 SYM 
calcined 450°C (O2) 37 1.9 19 1.7 0.0053 

+calcined 650°C (air) c 39 2.4 21 1.9 0.0056 

SM-4 SYM 
calcined 450°C (O2) 33 2.2 22 2.0 0.0050 

+calcined 650°C (air) c 38 2.5 22 2.1 0.0055 

SM-5 ASYM calcined 450°C (O2) 1.3 7.5 1.9 11 3.0 

SM-6 ASYM calcined 450°C (O2) 1.0 16 1.2 19 6.0 

SM-7 ASYM 
ozone 250°C 28 8.1 11 7.8 0.020 

+calcined 450°C (air) c 3.1 11 3.4 12 0.12 

SM-8 ASYM 
ozone 250°C 24 7.4 11 6.6 0.022 

+calcined 450°C (air) c 4.9 9.4 5.2 10 0.16 

a α – permeation selectivity; b 10-7 mol.m-2.s-1.Pa-1; c after permeation tests these samples were calcined in air. 

Detemplation by ozonication did not result in crack formation for the SSZ-13 membranes on the 
ASYM supports (Table 4). Samples SM-7 and SM-8 demonstrated excellent permeance performance 
for CO2/CH4 and H2/CH4 separations with high mixture selectivity. Additional TGA measurements 
(Fig. 6.12) demonstrate that both detemplation procedures of SSZ-13 membranes are effective for 
detemplation of SSZ-13, with more than 90 % of the SDA removed after ozonication and more than 
92 % by calcination at 450 °C in pure oxygen.  

Similar to ZSM-5 membranes, support porosity and pore size are crucial for obtaining high-flux 
SSZ-13 membranes. The permeance of CO2 and H2 increased about three times, when applying 
ASYM supports. The membranes supported by ASYM fibers were, however, not suitable for 
application at high temperatures. Short treatment at 450°C led to formation of defects and almost 
complete deterioration of the separation properties. On the contrary, the samples SM-3 and SM-4 that 
after detemplation were treated at 650°C in air overnight retained their quality. In fact, after the 
additional calcination they even displayed a higher permeance and similar selectivity, with only minor 
increase of the SF6 permeance. This finding underpins the high thermal stability of the zeolite films 
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prepared on hollow fiber supports with rough surface, while ZSM-5 and SSZ-13 membranes grown on 
ASYM supports with smooth surface are not thermally stable, even after the SDA is removed.  

 
Figure 6.12. TG curves of SSZ-13 powders after various pretreatments: as-synthesized, ozonicated, calcined at 650°C in air 

and calcined at 450°C in pure oxygen. Conditions 40 ml/min of air, 5°C/min. 

6.3.4 Preparation and detemplation of DNL-6 membranes 

DNL-6 is a recently synthesized silicoaluminophosphate with the RHO topology [ 51 ]. It is 
characterized by its very low framework density and high porosity. Together with its 3-dimensional 
system of channels and 8-MR pores of 0.36 nm it renders this zeotype a promising material for 
preparation of gas-selective membranes. In this work pure-DNL-6 thin films were for the first time 
prepared on the surface of SYM hollow-fiber supports. Fig. 6.13 demonstrates XRD patterns of DNL-
6 crystals and α-alumina supported films. No crystalline phases other than RHO were observed. It 
should be noted that during synthesis optimization we found that tumbling is a crucial parameter 
affecting synthesis selectivity. In static conditions pure phase SAPO-34 (CHA) was formed. 

 
Figure 6.13. XRD patterns of (a) DNL-6 crystals and (b) α-alumina supported thin film . 

We were able to prepare continuous DNL-6 films with thickness of about 6 μm as Fig. 6.14 (a,b) 
demonstrates. Upon careful SEM inspection we were not able to find any macro-defects on the DNL-6 
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surfaces. The results of leak test confirmed the high quality of these as-prepared DNL-6 membranes, 
containing DEA molecules occluded in the pores. The permeance of N2 , which averaged at ca. 10-10 
mol.m-2.s-2.Pa-1  at 6 bar feed pressure and room temperature was indeed very low.  

 

Figure 6.14. SEM (a) cross-section and (b) surface views of as-synthesized on SYM support  DNL-6 films and surface views 
of similar thermally treated films: (c) 550 °C, air; (d) 450 °C, oxygen; (e) 350 °C, helium and (f) 250 °C ozonication.. 

However, as Fig. 6.14 (c-f) shows, all the applied detemplation procedures resulted in formation of 
cracks. Even after relatively low temperature ozonication, which was harmless to SSZ-13 and MFI 
membranes, DNL-6 films deteriorated. In accordance with these SEM observations, the H2/SF6 ideal 
permselectivity was in the range 2-4 for calcined and ozonicated membranes. These values, well 
below the Knudsen selectivity (8.5 for H2/SF6), confirm the low quality of the resulting DNL-6 films. 
Possible reasons of the thermal instability of DNL-6 films will be discussed in the next section.  

Although at this moment successful detemplation of DNL-6 films prepared on hollow-fiber α-
alumina supports does not seem possible, utilization of supports with less demanding geometry (tubes, 
discs) and further optimization of the detemplation procedure may result in high-quality DNL-6 
membranes. In addition, preparation of DNL-6 films as e.g. anti-corrosive coatings, not requiring 
detemplation,  may be interesting, although usually siliceous zeolites preferred for these purposes [52].  

6.3.5 Comparison of SSZ-13, ZSM-5 and DNL-6 films 

DNL-6 films were found to be more prone to crack formation upon detemplation than ZSM-5 and 
SSZ-13 membranes. In addition, it was not possible to detemplate SSZ-13 membranes on the 
asymmetric support at conditions suitable for detemplation of ZSM-5 films. To explain these 
differences several issues should be taken into account, including: (i) the chemical composition of the 
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film material, (ii) the thermal expansion coefficients, (iii) the presence and nature of the SDA and (iv) 
the pore size. We first consider such differences between the two aluminosilicate structures 
investigated here, SSZ-13 and ZSM-5. It is well known that zeolites usually have negative thermal 
expansion coefficients, that is they contract upon heating. The support material α-alumina expands 
upon heating. Accordingly, zeolites with a more negative thermal expansion coefficient will induce 
more stress at the interface with the support layer. Siliceous SSZ-13 has a very negative expansion 
coefficient at -28.510-6 °C-1 (averaged volume expansion coefficient in the 20 – 600 °C range) [53]. 
Siliceous MFI also contracts during the heating, but its thermal expansion coefficient is substantially 
lower at -15.110-6

 °C-1 (120 – 700 °C) [54]. The porous α-alumina support has a positive expansion 
coefficient of 8.710-6 °C-1 (25-800 °C) [55]. Hence, during thermal treatment higher stress will 
develop at the interface between the support and the SSZ-13 film, explaining the higher propensity to 
crack formation. In addition, TGA measurements (Fig. 6.15) show that removal of TMAda molecules 
from SSZ-13 pores requires higher temperatures than TPA molecules from ZSM-5. The 
decomposition of TMAda starts at ca. 450 °C, while TPA start to decompose already at 350 °C. This 
difference is most probably due to the higher stability of the former SDA, although the smaller pore 
size of SSZ-13 zeolite may also contribute. Another aspect worth mentioning is the somewhat lower 
SDA loading in as-synthesized ZSM-5 powder compared to as-synthesized SSZ-13. The latter weight 
loss is twice as high, which is explained by higher accessible volume of CHA structure (17% and 10% 
for MFI). The higher template loading will result in stronger exothermic effects, which will further 
induce stress due to possible local overheating. These indications are all in line with the difficulty in 
obtaining crack-free SSZ-13 films as compared to ZSM-5 films.  

 
Figure 6.15. TG (solid) and DTG (dotted) curves of  SSZ-1, ZSM-5 and DNL-6 powders. Conditions 40 ml/min of air, 

5°C/min. 

The lower stability of the silicoaluminophosphate DNL-6 films may be explained by the generally 
known lower stability of silicoaluminophosphate with respect to pressure as compared to 
aluminosilicates of similar topology [56,57]. At increasing temperature with higher stress within the 
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zeolite film silicoaluminophosphate films are more vulnerable and prone to formation of defects than 
aluminosilicate films (SSZ-13 and ZSM-5). Another contributing reason is the lower density of the 
RHO structure, which has 14.5 T atoms / nm3, considerably lower than values of 15.1 for CHA and 
18.4 for MFI. The mechanical stability of a zeolite structure was found to indirectly correlate with its 
framework density, i.e. the stiffness of pure-silica zeolite structures generally increases with 
decreasing density  [58]. 

6.4 Conclusions 

We synthesized ZSM-5, SSZ-13 ad DNL-6 films on hollow fiber supports with different 
morphology and support roughness. The support porosity and pore size were found to define the 
separation performance of the final membrane. For ZSM-5 and SSZ-13 zeolites calcination led to 
successful detemplation of membranes when supported on symmetric fibers with a rough surface. For 
asymmetric supports with a smooth surface, calcination resulted in crack formation and deterioration 
of membrane quality. In that case, the template could be removed from these films without formation 
of cracks by ozonication at 250 °C. The resulting membranes were, however, thermally unstable and 
cracked after calcination at 450 °C. DNL-6 membranes prepared on symmetric supports could not be 
successfully detemplated by any of proposed procedures. We conclude that support geometry and 
surface roughness influence the detemplation and robustness of zeolite films. In order to safely remove 
the template from the supported zeolite films one has to take into account these parameters as well as 
given zeolite type.  
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High-silica zeolite membranes for gas and liquid 
separation 

Efficient chemical separations are vitally important for sustainable development. Membranes as 
devices that can theoretically separate compounds with a minimum of energy consumption are 
especially interesting. Among all types of existing artificial membranes supported zeolite films are 
distinguished by their outstanding chemical and thermal stability and capability of performing 
molecularly resolved separations. On a molecular level such aspects as (i) zeolite type and (ii) its Si/Al 
ratio are important parameters affecting separation properties of zeolite membranes. Zeolite types 
differ in pore size, ranging from ca. 3 to 8 Å, pore dimensionality, framework density and accessible 
volume. These fundamental parameters define applicability and efficiency of a certain zeolite type in a 
certain separation. Another aspect is that the Si/Al ratio, in principle, may be varied in a broad range 
for any zeolite structure. The reason for the Si/Al ratio effect is the trivalency of Al incorporated in the 
tetrahedral structure, correspondingly each Al atom in the zeolite framework is negatively charged and 
balanced by a cation. Increase of the Al content in a zeolite membrane not only enhances its polarity 
but also decreases the degree of intergrowth by inducing repulsion between growing crystals.  

Currently, only highly polar low-silica zeolite membranes, predominantly NaA membranes, are 
commercialized for de-watering of mainly bio-alcohols and iso-propanol. Low quality of these 
membranes, however, does not allow selective separation of other compounds apart from water. 
Nevertheless, there are already many successful applications of high-silica zeolite membranes for 
various, both gas and liquid, separations on a laboratory scale. A promising example is utilization of 
hydrophobic high-silica zeolite membranes for recovery of organics from aqueous solutions, which 
may allow continuous production of bio-alcohols by fermentation on industrial scale. Implementation 
of this process is hindered by low fluxes and moderate selectivities, so far, obtained. In turn, 
application of zeolite membranes for light gas separation (CO2/CH4, CO2/air, H2/CH4, etc.) is often 
limited by high price of composite membranes. Chapters 2 and 3 of this thesis demonstrate two 
methods to increase performance of high-silica zeolite membranes in the recovery of ethanol from 
water by pervaporation. The methods result in improved either selectivity or flux without 
compromising each other. Chapter 4 describes preparation of novel small-pore SSZ-13 membranes 
supported by extruded hollow-fibers of coarse surface. These membranes are effective for CO2 

separation from gas mixtures. Chapter 5 examines influence of Si/Al ratio on SSZ-13 membrane 
separation properties in gas and liquids separations. The effect of support roughness (one of the key 
parameters, defining the support and, thus, membrane cost) on permeation and detemplation of SSZ-
13 and ZSM-5 membranes is discussed in Chapter 6. Zeolite membranes and accompanying materials 
(zeolite powders, ceramic supports) employed in this work were thoroughly characterized to determine 
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membrane quality, morphology, textural properties, crystalline phase, chemical composition and 
thermal behavior by applying permporometry, scanning electron microscopy, adsorption techniques, 
X-ray diffraction, X-ray photoelectron spectroscopy and thermogravimetric analysis. 

Chapter 2 reports preparation of high-silica MEL membrane by a novel optimized procedure, its 
characterization and evaluation in recovery of ethanol from water by pervaporation. Zeolite MEL 
structurally resembles MFI – a zeolite structure widely considered for hydrophobic pervaporation. 
Nonetheless, MEL has an advantage of more open pore topology and that results in higher 
pervaporation performance. We found 60 – 90 % increase of flux through MEL membranes at similar 
selectivity, as compared to an MFI membrane of similar thickness and quality prepared on the same 
support. At the same time the stability of prepared membranes was demonstrated, by similarity of 
permporometry curves before and after completion of all separation experiments and calcination of the 
membrane at 500 °C. 

In chapter 3 a method to improve the pervaporation selectivity without compromising the flux is 
proposed. The surface silylation of high-silica MFI and MEL membranes, prepared by microwave 
heating, was studied. A simple modification with triethoxyfluorosilane (TEFS) renders surface silanols 
hydrophobic, improving membrane affinity to ethanol, as shown by increase of ethanol/water 
adsorption and separation selectivity. Additional experiments revealed that silylation modifies external 
surface only and does not result in blocking of zeolite micropores, although healing of non-zeolitic 
defects was observed. Accordingly, blocking of defects also contributes to improved pervaporation 
selectivity. Thus, membrane silylation by TEFS plays a dual role – overall surface hydrophobization 
and healing of intercrystalline defects. In addition, application of TEFS for membrane modification is 
favorable due to its outstanding thermal stability. Unlike other organosilanes, containing hydrocarbon 
functional groups, TEFS is shown to withstand high temperature calcination, which is a conventional 
way to re-activate zeolite membranes. 

Synthesis of novel high-silica SSZ-13 (CHA) zeolite membranes for CO2 separation is reported 
in Chapter 4. CHA is a 3-dimensional structure, characterized by high accessible volume and 8-MR 
pores (3.8 Å). In addition, SSZ-13 is very CO2-selective adsorbent. All these features allow effective 
separation of carbon dioxide from its mixtures with N2 and CH4 by SSZ-13 membranes. Applying 
developed method, high-silica SSZ-13 membranes could be reproducibly prepared on the surface of α-
alumina hollow fibers. Quality of synthesized membranes was determined by single-gas permeation 
and CO2/CH4 and CO2/N2 mixtures separation. Ideal H2/SF6 selectivity of over 550 was achieved, 
evidencing high membrane quality. Contribution of defect flow to overall hydrogen permeance was 
estimated to constitute 1.5 % only. Mixture separation tests showed applicability of presented 
membranes for CO2/CH4 and CO2/N2 separation in a broad range of pressure and temperatures. 
Moreover, gas adsorption measurements and simulations on corresponding SSZ-13 powders were 
performed in order to explain peculiar effect of pressure on mixture separation. Finally, hydrothermal 
stability of high-silica SSZ-13 membranes was verified by a long CO2/N2/H2O (10/10/1) separation 
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test at 120 °C and 2 bar feed pressure, over the course of the test (220 h) membrane demonstrated 
stable performance with just slight deviations of permeance and selectivity.  

Chapter 5 presents further insight into SSZ-13 membrane properties. A series of membranes with 
varying Si/Al ratio was prepared. Polar, intermediate and nearly hydrophobic membranes were 
compared in separation of CO2/CH4 gas mixture and de-watering of ethanol by pervaporation. 
Adsorption properties of the corresponding SSZ-13 powders were tested by argon, water and ethanol 
adsorption measurements in order to determine textural properties and affinity to certain compound. It 
was found that pore volume and BET surface area of SSZ-13 are nearly independent of Si/Al ratio. 
Ethanol adsorption revealed minor increase of total uptake with increasing Al content and adsorption 
of water was found to be greatly dependent on Si/Al ratio with about 1.5 additional water molecules 
adsorbing per each Al atom in the framework. In addition, increase of Al content was shown to 
progressively decrease membrane quality as shown by H2/SF6 single gas permeation tests. Overall, 
membranes with low Al content were more effective in gas separation due to higher quality, while 
high-alumina SSZ-13 films displayed better performance in de-watering of ethanol due to higher 
polarity and, thus, enhanced adsorption selectivity towards water.  

In chapter 6 we studied influence of the support morphology and roughness on thermal behavior 
and permeation properties of composite membranes. Two types of hollow-fiber supports were 
compared: (i) asymmetric supports with smooth surface and (ii) symmetric supports wit rough surface. 
Both supports were applied for preparation of high-silica ZSM-5 and SSZ-13 membranes. For both 
zeolites calcination led to successful detemplation of membranes when supported on symmetric fibers 
with a rough surface. For asymmetric supports with a smooth surface, calcination resulted in crack 
formation and deterioration of membrane quality. In such case, the template could be removed from 
these films without formation of cracks by ozonication at 250 °C. The resulting membranes were, 
however, thermally unstable and became cracked after calcination at 450 °C. We argue that the main 
reason for this difference is the roughness of the supports. Consistent with this, the zeolite film appears 
less adhered to the rough surface and has more freedom to expand and contract upon calcination. In 
addition, SSZ-13 membranes were found to be more prone to thermally-induced crack formation upon 
detemplation than ZSM-5 membranes. This fact is probably related to bigger pores and lower template 
loading of the latter structure. Also, such parameters as porosity and pore size of the support were 
found to define the separation performance of the final membrane. In addition, silicoaluminophosphate 
DNL-6 (RHO) films were for the first time prepared on the surface of symmetric α-alumina hollow 
fibers. Unfortunately, due to intrinsic mechanical instability of silicoaluminophosphates it was not 
possible to detemplate these films neither by calcination nor by relatively low-temperature 
ozonication.  

Development of industrially viable high-silica zeolite membranes for pervaporation, vapor 
permeation and gas separation requires substantial progress in two adjacent fields: zeolite chemistry 
and porous ceramics fabrication. One of the main drawbacks of high-silica zeolite structures is the 
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almost mandatory application of costly organic compounds as structure-directing agents (templates). 
The template needs to be removed by oxidation to open the zeolite pores and, thus, it is irreversibly 
wasted. In addition, the oxidation treatment necessary for detemplation (usually calcination) may lead 
to formation of defects, decreasing the preparation reproducibility. There are methods to prepare some 
high-silica zeolites in organic-free mixture, but number of such structures is drastically limited (almost 
exclusively MFI). This brings us to another major problem of zeolites synthesis - lack of fundamental 
knowledge, resulting in almost “alchemical” optimization of synthesis procedures. Deeper 
understanding of zeolite synthetic chemistry and mechanisms may help finding ways to more efficient 
preparation of various high-silica zeolite structures from organic-free media. Thereby, at this stage 
further progress and broad implementation of zeolite membranes demand more fundamental studies 
dedicated to the mechanism and principles of zeolite hydrothermal synthesis. 

Zeolite membrane supports may, in many cases, define overall separation properties. High 
permeance is an important advantage of zeolite films, however, the higher the membrane permeance 
the higher the support resistance becomes. For fabrication of very high-flux membranes supports with 
outstanding porosity required. Accordingly, optimization of support microstructure at decreased 
preparation costs is a necessary condition for industrial implementation of zeolite membranes. At the 
moment, secondary growth is considered the main strategy for synthesizing zeolite films. Indeed, it 
allows preparation of thin, often oriented and very uniform films. Current development of seeding 
techniques allows preparation of dense and thin seed layers on the surface of even very rough 
supports. Thus, it is possible to transfer methods for obtaining high-quality films from smooth 
supports with moderate porosity and small pores to their coarse analogues with much higher porosity 
and bigger pores. This can help avoiding application of expensive asymmetric supports. A wider 
support material choice may also contribute to decreasing the membrane modules price without 
compromising the quality of zeolite membranes. Such materials as stainless steel (very favorable 
support material from sealing point of view), clays, silica and even polymers, each having certain 
advantages, can replace the commonly used alumina. 

Last but not least, many opportunities actually can be seen in the synthesis of zeolite films. There 
are still many zeolite types, particularly 8-MR small pore zeolites that have not been applied for 
membrane synthesis or have not been thoroughly studied and evaluated. Such 3-dimensional, highly 
porous structures with pores (3 – 4 Å) suitable for gas and often liquid separation, as AEI, AFT, CHA, 
ERI, GIS, RHO, etc. deserve much more attention than they currently attract. Post-synthetic 
modification (silylation, CVD, etc.) is a promising method to improve synthesis reproducibility and 
tune separation properties. Some other approaches worth studying include surface modification of 
supports (to improve interfacial binding or induce nucleation for directed in situ growth), continuous 
membrane synthesis (to make scale-up feasible) and broader implementation of microwave heating (to 
accelerate often lengthy syntheses). 
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