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1)1. Introduction

Sustainable social development requires novel tech-

nologies with less environmental impact. Energy con-

sumption effects environment dramatically. Development 

of processes of reduced energy consumption is there-

fore one of the big topics of science and engineering. 

Separation processes are one of the basic operations 

in many industries. Also several techniques are practi-

cally used thermal driven processes are responsible for 

80% of the whole energy consumption of all industrial 

separation processes. Distillation followed by drying 

and evaporation are the most energy consuming separa-

tion processes. By using membrane technologies energy 

consumption can be reduced in comparison to dis-
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요   약: 분리막을 이용한 분리 기술은 에너지 소요가 적다. 제올라이트를 기반으로 제작한 분리막의 경우, 결정 구조 내에
작은 분자 크기의 기공을 갖고 있어 이를 이용하여 가혹한 조건에서도 분리가 가능하기 때문에, 그 관심도가 높다. NaA 
(LTA 유형의 제올라이트) 제올라이트의 경우, 산업적으로 유기 용매에서 수분을 제거하는 데 많이 사용되는 데, 해당 기공 
크기나 열적/수열안정성은 제올라이트 내부나 외부의 원소를 바꿔줌으로써 조절할 수 있다. 더 작은 0.28 nm 크기를 지닌 
SOD 유형의 제올라이트의 경우, 수소나 물 분리에 적합하여 그 관심도가 높아지고 있으며, 이 제올라이트 유형 또한, 이온
교환과 같은 방법으로 성질을 변경할 수 있다. 제올라이트는 주변 기술 및 공정 조건에 맞게 작은 분자들을 적절하게 분리할
수 있는 분리막을 창출할 수 있다는 장점을 지닌 소재이다.
 
Abstract: Membrane separation is a technology of low energy consumption. Membranes made of zeolites are of great 

interest because their fixed and open pores in the size of small molecules inside crystalline structures allow separation proc-
esses under harsh conditions. While zeolite NaA (LTA-type) is industrially used for dewatering of organic solvents, its pore 
size and thermal and hydrothermal stability can be tuned by exchange of framework and extra-framework elements. SOD 
with pores of only 0.28 nm is of great interest for H2- und H2O-separation and also can be tuned by ion exchange. Zeolites 
open the opportunity to create membranes of adapted separation behavior for small molecules in conditions of surrounding 
technical processes.
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tillation up to 85%[1]. 

Membranes made of polymers are dominating the 

membrane marked. Wastewater cleaning and seawater 

desalination are examples of very large membrane 

application. Cleaning of natural gas are first bigger ap-

plication in gas separation. However, intrinsic proper-

ties of the polymers, like low thermal, chemical and 

mechanical stability limiting the conditions of mem-

brane using.

Membranes made of ceramics allow membrane sepa-

ration processes also in harsh conditions, like high 

temperatures, high pressure or in aggressive chemicals. 

Several materials like amorphous oxides, palladium or 

carbon are used or in development for nanofiltration, 

pervaporation and gas separation[2-5].

Zeolites are of great interest because of the crystal-

line structure with fixed pores in the size of small 

molecules. Chemical composition and crystal structure 

are the powerful tools to adjust thermal and hydro-

thermal stability as well as separation behavior. 

2. Structural Features of Zeolites

Zeolites are crystalline tectosilicates and their chem-

ical composition may be given with the general for-

mula (M2+M+
2)O⋅Al2O3⋅n SiO2⋅m H2O. Silicon is 

tetrahedrally coordinated with oxygens. The [SiO4]
4-- 

tetrahedra are connected by vertex-shared oxygens (Fig. 1) 

thus creating a three-dimensional fully cross-linked sol-

id framework. In Fig. 2 the β-cage as repeating ele-

ment of the sodalite 3D framework is shown as an 

example. 

Inside the crystalline structure open cages and chan-

nels are formed with entrances called windows. 

Examples of windows with different diameters are 

shown in Fig. 3. The size of the windows differs for 

the numerous zeolites and is determined by the number 

of [SiO4]
4--tetrahedra. Depending on the crystal struc-

ture windows in the range of 0.3 and 0.9 nm can be 

created, which fit the size of small gas molecules. This 

structural particularity makes zeolites attractive for nu-

merous of industrial applications, among them gas sep-

aration by adsorption and membrane separation.

Up to 50% aluminum can be incorporated into the 

framework instead of silicon (e.g. zeolite LTA). The 

missing positive charge of the trivalent aluminum is 

compensated by additional alkali or alkaline earth met-

al ions. These extra-framework cations can be easily 

exchanged which is practically used in washing agents 

for water softening. The extra-framework cations influ-

Fig. 1. Chain of tetrahedrally configurated silicon and 
oxygen.

Fig. 2. Tetrahedrally configured silicon and oxygen (left) 
forming sodalite or the so-called β-cage. Depending on 
the number of units and their combination, a number of 
zeolite structures can thus be formed: SOD : sodalite; 
LTA : zeolite type A; FAU : faujasite; EMT : a hex-
agonal variant of FAU present in zeolite EMT-2[6].

Fig. 3. Window openings composed of (A) 8 [SiO4]
4--tetra-

hedra in LTA, (B) 10 [SiO4]
4--tetrahedra in MFI and (C) 

12 [SiO4]
4--tetrahedra in FAU. Diameters are given in Å[7].
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ence the open space in the cages and the size of the 

windows as well. Polar sites in zeolites with high alu-

mina content make the crystals hydrophilic and are the 

reason for pore filling with water at ambient 

conditions. The water can be completely desorbed by 

heating (at temperature of 200°C or higher, depending 

on the zeolite type) without losing the crystalline struc-

ture of the zeolites. In low Al-containing zeolites with 

neutral frameworks, the cavities can be completely 

empty. The crystal structure of some zeolites is stable 

even at temperatures up to 800°C[8], an attractive fea-

ture for certain applications, e.g. catalytic cracking, at 

elevated temperatures.

3. Principles of Transport through Zeolites

Zeolites are characterized by pores with the size of 

small gas molecules. Once a gas flow through the 

pores starts, a strong interaction between the gas mole-

cules and the pore walls of the zeolite lattice occurs, 

which can be described by the process known as con-

figurational diffusion. Depending on the temperature 

and the gas molecule involved, the process is dis-

tinguished between solid vibration model (SV) and gas 

translation model (GT)[9]. 

At low temperatures and strong gas molecule-zeolite 

interaction, the permeating molecules are losing their 

gaseous character: they vibrate with the zeolite lattice 

and jump from one to the next adsorption site when 

enough energy is available. In this case the mass trans-

fer, Jsurf, in this case can be described by the surface 

diffusion model[10](Eq. 1) :

Jsurf = -Dsurf▽q (1)

The driving force in this process is the gradient of 

surface loading across the pore length or the thickness 

of the membrane, ▽q.

The surface diffusion coefficient, Dsurf, is dominated 

by the jump frequency vsurf,0 and jump distance λ of 

the molecule, as well as the activation energy Eact and 

the temperature T, according to Eq. 2 :

  

⋅⋅

 ⋅exp
   ⋅exp

 
(2)

The activation energy correlates linearly with the dif-

ferential heat of adsorption ∆H. When ∆H of an ad-

sorbed component q is known, then the surface dif-

fusion coefficient can be calculated using Eq. 3 :

  ⋅exp
∆  (3)

At higher temperatures and weak molecule-zeolite 

interactions the molecules inside the pores retain their 

gaseous character and consecutively the mass transfer 

can be described by the gas translation (GT) model. 

The GT diffusion coefficient DGT defined with Eq. 4 is 

characterized by the mean free path, λ, of the mole-

cule, the reliability factor y, molar weight M, temper-

ature T and activation energy EA,GT[11] :

  

⋅




⋅exp


 


 (4)

The overall mass transfer through a zeolite material, 

Jtot, is the sum of the mass transfer caused by the gas 

translation, JGT, and the solid vibration, JSV : Jtot = JGT 

+ JSV.

The selective separation of gases through the zeolite 

pores is based on size exclusion (molecular sieving) 

and different adsorption of the components (adsorption 

selective separation). In the case of adsorption selective 

separation, all components of the targeted mixture are 

entering the pores of the zeolite. As previously men-

tioned, the adsorption of the single gases inside the 

pores depends on the temperature, pressure and compo-

nent concentration. Therefore, the selectivity varies 

with the separation conditions. In the case of molecular 

sieving, only the gas smaller in size is able to enter 

the pores. Hence, the selectivity is independent on the 

separation conditions. 

Molecular sieving membranes are preferred candi-
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dates for selective membranes at high temperature and 

high pressure.

4. Structural, Chemical and Functional 

Effects of Additives and Substituents 

in Zeolite 

4.1. Modification of the pore size, polarity 

and adsorption behavior 

Zeolite NaA (shown in Fig. 4) is one of the most 

technically produced zeolites. With a pore size of 0.41 nm 

and a Si/Al-ratio of 1 for high hydrophilic character, 

NaA is commercially used for a number of dewatering 

processes. The small water molecule (0.26 nm) can en-

ter the pores and is adsorbed by the polar sites inside 

the cages. In technical adsorption columns the wet gases 

are streaming through the zeolite bed until the zeolite is 

nearly saturated with water. For desorption the zeolite 

bed is heated (temperature swing adsorption) or the 

pressure is decreased (pressure swing adsorption), while 

the zeolites are sweeped with a part of the dry gas. 

Larger polar gas molecules can enter the cages of 

zeolite NaA and strongly adsorb inside during the dry-

ing of alcohols, amines or H2S by adsorption technol-

ogy over long time. Reactive gases like olefins and 

acetylenic hydrocarbons can be polymerized inside the 

zeolite pores. By exchanging the extra-framework Na+ 

with the larger K+ the open windows of zeolite A are 

contracted to 0.38 nm (zeolite 3A) minimizing the risk 

of pore entering by large molecules. Zeolite 3A is the 

first choice for dehydration of polar and reactive gases 

by adsorption[12].

By replacing two of the extra-framework Na+ by one 

smaller Ca2+ the window is widened to 0.45 nm. The 

so-called zeolite 5A allows the separation of normal 

and iso-paraffins and cyclic hydrocarbons because 

branched and ring compounds are not able to enter the 

pores. Exchanging the Na+ for Ca2+ also increases the 

point charge of the extra-framework cations, changing 

the adsorption behavior. Therefore, zeolite 5A is used 

for CO2 removal prior to the adsorptive air separation 

and for CO and N2 adsorption in H2 production from 

water gas shift (in combination with carbon).

For filtration on atomic scale, water-containing or-

ganic liquids or gaseous mixtures are streamed across 

the membrane surface. The two relevant processes are 

called pervaporation (PV) and vapor permeation (VP). 

Driven by a partial pressure difference, only water is 

permeating through the narrow zeolite pores. The ad-

vantages of the membrane processes are the continuous 

processing, very low product loss and lower energy 

consumption. A first industrial plant for the dewatering 

of ethanol by PV was equipped with NaA membranes 

prepared on the outside of ceramic tubes by the 

Japanese company Mitsui Engineering and Shipbuilding 

Co. Ltd. (Mitsui)[13]. A commercial bio-ethanol dew-

atering by VP with NaA membranes was first preceded 

by Bussan Nanotech Research Institute Inc.[14]. In 

Europe, Inocermic GmbH (today Fraunhofer IKTS, 

Fig. 4. Illustration of extra framework monovalent cation 
positions in one window of zeolite A[7].

Fig. 5. Industrial pilot plant for dewatering of ethanol with 
NaA-membranes of Fraunhofer IKTS. Reproduced from[15] 
by permission of John Wiley and Sons Inc.
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Hermsdorf branch) in 2007 equipped a first pilot plant 

for bio-ethanol dewatering by PV with zeolite mem-

branes prepared inside a four channel structure and in 

2009 an industrial scale plant[15](see Fig. 5). 

Besides ethanol, several other organic solvents like 

methanol, propanol and higher alcohols, as well as ke-

tones and ethers can be dewatered with NaA 

membranes. By cation exchange with Ca2+, zeolite 5A 

membranes can be prepared in order to be permeable 

also for small organic molecules like methanol.

4.2. Modification of the thermal and hydro-

thermal stability 

The zeolite LTA has narrow pores making the mate-

rial interesting for gas separating membranes. The high 

surface charge of the single LTA crystals prevents a 

defect-free intergrowth. In dewatering processes (PV 

and VP) remaining narrow mesopores are filled with 

water. However, these pores are considered as defects 

in dry gas separation techniques, where defect-free 

membrane layers with high degree of intergrowth are 

required[16]. In the presence of water, the hydro-

thermal stability of LTA is limited to 200°C[17] and 

there is nearly no tolerance against acetic attacks in 

liquid solutions. Lowering the Al content would extend 

the potential application of LTA membranes. Dealu-

mination by steam treatment allows the decrease of the 

Al content of LTA powders but this approach produces 

mesopores[18]. 

Corma et al.[19] found a synthesis route for Al-free 

pure silica LTA. The so-called ITQ-29 was prepared 

by using a special structure-directing agent (SDA). A 

very high thermal stability (up to temperature of 

800°C) was observed also in the presence of water 

(2.5 vol%). However, the relatively high viscosity of 

the synthesis gel complicated the membrane manu-

facturing[20]. 

Huang et al.[21,22] used a crown ether to prepare 

an Al-free LTA with 1/3 Ge4+ on the lattice sites of 

Si4+. Hence, the synthesis conditions and the low sur-

face charge of Al-free LTA enabled the preparation of 

thin molecular sieving membrane layers on top of po-

rous Al2O3-supports.

Zeolite structures can also be constructed from [AlO4]
5-- 

and [PO4]
3--tetrahedrons. No extra-framework cations are 

necessary to make the AlPO-crystals less polar in contrast 

to the high Al-containing zeolites. A H2-selective mem-

brane of AlPO-LTA was prepared by Huang et al.[23,24] 

using a crown ether-SDA. The hydrothermal stability of 

this material has not been studied yet. 

Fig. 6. Al-free SOD-structure.

Fig. 7. SEM image of a membrane layer made of sul-
fur-stabilized SOD.
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Sodalite is a zeolite structure built only by the β- 

cages of zeolite LTA (see Fig. 7). The 6-rings are the 

largest openings with a diameter of 0.28 nm making 

the material interesting for high selective H2- and 

H2O-separation based on the molecular sieving 

mechanism. First water and hydrogen selective hy-

droxo-sodalite (H-SOD, Na4(Si3Al3O12)(OH)) membranes 

were prepared by Khajavi et al.[25] and Xu et al.[26]. 

However, the high Al-content of the material (Si/Al = 1) 

caused a low hydrothermal stability. Therefore Bibby 

et al.[27] developed Al-free SOD (schematically shown 

in Fig. 6) by using a SDA-supported synthesis. 

Same high hydrothermal stability was found for 

powder samples as for the Al-free LTA (ITQ-29). 

Münzer et al.[28] crystallized defect-free membrane 

layers of Al-free SOD on top of porous Al2O3 

supports. However, during thermal de-templating to 

empty the SOD cages the layers always cracked. In 

conclusion, defect-free hydrothermally stable molecular 

sieves made of SOD membranes cannot be prepared 

by a SDA-supported synthesis. 

The SDA-free synthesis allowed the manufacturing 

of crack-free membrane as illustrated in Fig. 7. An ad-

ditional extra-framework Na+ is compensated by an ex-

tra-framework OH-, which is localized in the middle of 

the SOD cage and stabilizes the SOD structure. The 

small OH- (0.26 nm) potentially leaves the cage in 

high thermal and hydrothermal condition causing a col-

lapsing of the SOD structure. The H-SOD synthesis 

with additional Na2S causes a partial substitution of the 

small OH- by the bigger S2- (0.34 nm) or SO2
2- (0.46 

nm). These bigger anions are not able to leave the 

cage leading to a high thermal and hydrothermal stabil-

ity identical to that of Al-free SOD and LTA 

(ITQ-29). Molecular sieving behavior was found in 

H2-separation tests also at higher temperatures. 

5. Conclusion

Membranes made of zeolites are of great interest be-

cause of its fixed and open pores in the size of small 

molecules inside crystalline structures allowing separa-

tion processes under harsh conditions. Zeolite NaA is 

industrial used for dewatering of organic solvents. Pore 

size, thermal and hydrothermal stability of the same 

LTA structure can be tuned by exchange of ex-

tra-framework and framework elements. SOD, the β- 

cages of zeolite LTA is most promising zeolite for H2 

and H2O-separation. Again separation behavior and 

thermal and hydrothermal stability can be tuned by ex-

change of extra-framework and framework elements. 

So zeolites are prospective materials for creating of 

membranes with fine-tuned pore sizes, adsorption prop-

erties and specific stabilities. 

Acknowledgements

The authors acknowledge the financial support grant-

ed from German Federal Ministry of Education and 

Research (BMBF, Wachstumskern pades, 03WKCN01D, 

2+2 Project ZeoUp 01DR17015A) German Federal 

Ministry of Economics (BMWi, DCM2 ZF4076411SA6) 

and Fraunhofer Society (MAVO MEGA).

Reference

 1. US Department of Energy; Industrial Technologies 

Program; Energy Efficiency and Renewable Energy, 

Report “Materials for Separation Technologies: 

Energy and Emission Reduction Opportunities” (2005).

2. H. Richter, A. Piorra, and G. Tomandl, “Developing 

of ceramic membranes for nanofiltration”, Key 

Engineering Materials, 132-136, 1715 (1997).

3. I. Voigt, M. Stahn, St. Wöhner, A. Junghans, J. 

Rost, and W. Voigt, “Integrated cleaning of col-

oured waste water by ceramic NF membranes”, 

Separation and Purification Technology, 25, 509 

(2001).

4. Y. Jüttke, H. Richter, I. Voigt, R. M. Prasad, M. 

S. Bazarjani, A. Gurlo, and R. Riedel, “Polymer 

derived ceramic membranes for gas separation”, 

Chemical Engineering Transactions, 32, 1891 



Zeolite Membranes: Functionalizing of Properties by Tailored Compositions

Membr. J. Vol. 27, No. 6, 2017

475

(2013).

5. H. Richter, H. Voss, N. Kaltenborn, S. Kämnitz, 

A. Feldhoff, J. Caro, S. Roitsch, I. Voigt, and A. 

Wollbrink, “High‐flux carbon molecular sieve 

membranes for gas separation”, Angew. Chem. Int. 

Ed., 56, 7760 (2017).

6. http://dcssi.istm.cnr.it/CORSO%20IPERTESTUALE/ 

StatoSolido/Zeoliti_11/images/Image645.jpg.

7. Ch. Baerlocher and L. B. McCusker, Database of 

Zeolite Structures: http://www.iza-structure.org/data-

bases/.

8. D. Sherman, “Synthetic zeolites and other micro-

porous oxide molecular sieves”, Proc. Natl. Acad. 

Sci. USA, 96, 3471 (1999).

9. Weyd, M. Thesis, “Charakterisierung hydrophober 

ZSM-5 Zeolithmembranen und deren Anwendung 

zur Trennung von Wasser-Ethanol-Gemischen durch 

Pervaporation”, ISBN 978-3-939665-55-7 (2008).

10. K. J. Sladek, E. R. Gilliland, and R. F. Baddour, 

“Diffusion on surfaces. II. correlation of dif-

fusivities of physically and chemically adsorbed 

species”, Ind. Eng. Chem. Fundam., 13, 100 (1974).

11. M. Hanebuth, R. Dittmeyer, G. T. P. Mabande, 

and W. Schwieger, “On the combination of differ-

ent transport mechanisms for the simulation of 

steady-state mass transfer through composite sys-

tems using H2/SF6 permeation through stainless 

steel supported silicalite-1 membranes as a model 

system”, Catalysis Today, 104, 352 (2005).

12. G. E. Hales, “Drying reactive fluids with molec-

ular sieves”, Chem. Eng. Prog., 67, 49 (1971).

13. Y. Morigami, M. Kondo, J. Abe, H. Kita, and K. 

Okamoto, “The first large-scale pervaporation plant 

using tubular-type module with zeolite NaA mem-

brane”, Separation and Purification technology, 25, 

251 (2001).

14. J. Caro and M. Noack, “Zeolite membranes-recent 

developments and progress”, Micropor. Mesopor. 

Mater., 115, 215 (2008).

15. M. Weyd, H. Richter, J.-Th. Kühnert, I. Voigt, E. 

Tusel, and H. Brüschke, “Effiziente entwässerung 

von ethanol durch zeolithmembranen in vierka-

nalgeometrie”, Chemie Ingenieur Technik, 82, 1257 

(2010).

16. M. Noack, P. Kölsch, A. Dittmar, M. Stöhr, G. 

Georgi, M. Schneider, U. Dingerdissen, A. 

Feldhoff, and J. Caro, “Proof of the ISS-concept 

for LTA and FAU membranes and their character-

ization by extended gas permeation studies”, 

Micropor. Mesopor. Mater., 102, 1 (2007).

17. W. Lutz, B. Fahlke, U. Lohse, and R. Seidel, 

“Investigation of the hydrothermal stabilities of 

NaA, NaCaA and NaMgA zeolites”, Chem. Techn., 

35, 250 (1983).

18. G. T. Kokotailo, “Zeolite structural investigations 

by high resolution solid state MAS NMR (magic 

angle spinning nuclear magnetic resonance)” 7th 

Int. Zeolite Conference, Tokyo, Japan, 17-22 

August 1986; Pure Appl. Chem., 58, 1367 (1986).

19. A. Corma, F. Reyl, J. Rius, M. J. Sabater, and S. 

Valencial, “Supramolecular self-assembled mole-

cules as organic directing agent for synthesis of 

zeolites”, Nature, 431, 287 (2004).

20. Ch. Günther, H. Richter, I. Voigt, “Zeolite mem-

branes for hydrogen and water separation under 

harsh conditions”, Chemical Engineering Transactions, 

31, 1963 (2013)

21. A. Huang, and J. Caro, “Hydrothermal synthesis of 

uniform and well-shaped ITQ-29 crystals”, 

Micropor. Mesopor. Mater., 124, 153 (2009).

22. A. Huang, C. Weidenthaler, and J. Caro, “Facile 

and reproducible synthesis of ITQ-29 zeolite by 

using Kryptofix 222 as the structure directing 

agent”, Micropor. Mesopor. Mater., 130, 352 

(2010).

23. A. Huang, and J. Caro, “Preparation of large and 

well-shaped LTA-type AlPO4 crystals by using 

crown ether Kryptofix 222 as structure directing 

agent”, Micropor. Mesopor. Mater., 129, 90 

(2010).

24. A. Huang, F. Liang, F. Steinbach, T. M. Gesing, 

and J. Caro, “Neutral and cation-free LTA-type 

aluminophosphate (AlPO4) molecular sieve mem-

brane with high hydrogen permselectivity”, J. Am. 



Hannes Richter⋅Marcus Weyd⋅Adrian Simon⋅Jan-Thomas Kühnert⋅

Christiane Günther⋅Ingolf Voigt⋅Alexander Michaelis

멤브레인, 제 27 권 제 6 호, 2017

476

Chem. Soc., 132, 2140 (2010).

25. S. Khajavi, F. Kapteijn, and J. C. Jansen, 

“Synthesis of thin defect-free hydroxy sodalite 

membranes: New candidate for activated water per-

meation”, J. Membr. Sci., 299, 63 (2007).

26. X. Xu, Y. Bao, C. Song, W. Yang, J. Liu, and L. 

Lin, “Microwave-assisted hydrothermal synthesis of 

hydroxy-sodalite zeolite membrane”, Micropor. 

Mesopor. Mater., 75, 173 (2004).

27. D. M. Bibby and M. P. Dale, “Synthesis of sili-

ca-sodalite from non-aqueous systems”, Nature, 

317, 157 (1985).

28. S. Münzer, J. Caro, and P. Behrens, “Preparation 

and characterization of sodium-free nanocrystalline 

sodalite”, Micropor. Mesopor. Mater., 110, 3 

(2008).


