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1. Introduction

The overall goal of the consortium Inorganic Membrane Technology reads "the realization of more
energy efficient industrial processes through the development of inorganic membranes for
molecular separations”. An extensive analysis of the industrial energy consumption has lead to a
number of priorities:

e Dehydration of organic solvents

Ammonia separation

Oxygen production

Hydrocarbon separation

Hydrogen separation in a membrane reactor

Furthermore process calculations have shown that inorganic membrane technologies can lead to an
estimated energy saving of 25 — 50 % as compared with existing technologies. An extensive
description can be found in the original application.

The aim of the current consortium is the development of membranes, systems and processes for
energy efficient molecular separations. In accordance with techno-economic constraints, inorganic
membranes with the required combination of selectivity, flux, lifetime and cost of production are
being developed.

This report describes the results of the research in the field of inorganic membrane technology as
obtained in the period 1 April 2007 — 31 March 2008.

The overall research can be divided into three parts: materials development and properties of the
selected membranes, design of modules and transport properties, and the design of the membrane
based separation processes. Currently, the main emphasis is laid on issues related to the membrane
materials. Other aspects, as well as field scale testing, will be addressed in the future.
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2. Results

Overall

e The visibility of the consortium has clearly increased significant, through the publication of a
large number of articles with peer review. Especially, the first paper on the hybrid silica
membrane has attracted a lot of both scientifically and industrial attention.

Pervaporation

e The hybrid membrane has attracted a lot of attention.

e The hybrid membrane as developed by the UT and ECN shows a very wide operation window.
Even relatively small organic solvents can be dehydrated.

e The stability in mildly acid conditions of this membrane is very high.

e Performance and stability of (Zr/Ti)O, membranes have been found to be unsatisfactory.

e Labour costs for large scale production of inorganic membranes fits in with price levels of the
final product.

Ammonia separation
e The performance demands put on the membrane have been increased.
e Membrane modifications lead to a reduced selectivity with a constant of increased permeance.

Production of oxygen
e The first tubular support with a dense coated separating has been tested successfully with
gastight seal at 21 bar air up to 950 °C. The overall performance has still to be increased

Separation of hydrocarbons
e An accelerated synthesis method for DD3R has been prepared.
e A new zeolite membrane, selective to propylene/propane, has been made.

e The preparation of defect free layers of any microporous crystalline material shows to be
difficult.

Hydrogen separation

e The phase behaviour of PdAu alloys has a marked influence in the desorption of deuterium.

e High through put screening on palladium alloys confirm the behaviour predicted with theoretical
tools.
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3.

Dissemination

Here, a full list is presented of publications, reports and presentations held in the reporting period.

Patents:

Ashima Sah, Hessel Castricum, Jaap Vente, Dave Blank, Johan ten Elshof, (WO/2007/081212)
Microporous molecular separation membrane with high hydrothermal stability, International
Patent PCT/NL2007/050017, 19-07-2007

Article in journals with peer review:

Hessel L. Castricum, Ashima Sah, Robert Kreiter, Dave H.A. Blank, Jaap F. Vente and Johan E.
ten Elshof, Chem. Commun. (2008) 1103 — 1105 ‘Hybrid ceramic nanosieves: stabilizing
nanopores with organic links’ (‘Hot Article’, highlighted in Chemical Technology,
Kennislink.nl, Technisch weekblad, NRC, Chemical Engineering (Germany), C2W,
NPT Procestechnologie, Control & Automation Magazine (Belgium), Petrochem,
MIT Technology Review, and many internet news fora)

Hessel L. Castricum, Ashima Sah, Robert Kreiter, Dave H.A. Blank, Jaap F. Vente and Johan E.
ten Elshof, ‘Hydrothermally stable molecular separation membranes from organically linked
silica’, J. Mater. Chem. 18 (2008) 2150-215

H.L. Castricum, A. Sah, J.A.J. Geenevasen, R. Kreiter, D.H.A. Blank, J.F. Vente, J.E. ten
Elshof, ‘Structure of hybrid organic—inorganic sols for the preparation of hydrothermally stable
membranes’, J. Sol-Gel Sci. Technol. (2008), doi:10.1007/s10971-008-1742-z.

Gascon, J., S. Aguado, and F. Kapteijn, Manufacture of Dense Coatings of Cu3(BTC)2
(HKUST-1) on a-Alumina. Microporous Mesoporous Mater., 2008. 113(1-3): p. 132-138.
Gascon, J., W. Blom, A. van Miltenburg, A. Ferreira, R. Berger, and F. Kapteijn, Accelerated
Synthesis of All-Silica DD3R and Its Performance in the Separation of Propylene/Propane
Mixtures. Microporous Mesoporous Mater., 2008. 115(3): p. 585-593.

Van den Bergh, J., W. Zhu, J. Gascon, J.A. Moulijn, and F. Kapteijn, Separation and Permeation
Characteristics of a DD3R Zeolite Membrane. J. Membr. Sci., 2008. 316(1-2): p. 35-45.

Van Miltenburg, A., J. Gascon, W. Zhu, F. Kapteijn, and J.A. Moulijn, Propylene/Propane
Mixture Adsorption on Faujasite Sorbents. Adsorption-Journal of the International Adsorption
Society, 2008. 14(2-3): p. 309-321.

Diana E. Nanu and Amarante J. Bottger; Towards Designing Stable Pd-Based Membranes for
Hydrogen Gas Separation: A Statistical Thermodynamics Approach, Adv. Funct. Mater. 2008,
18, 898-906

Oral presentations:

Castricum, Ashima Sah, Rob Kreiter, Dave Blank, Jaap Vente and Andre ten Elshof, ‘Durable
molecular sieve membranes from hybrid organosilica for pervaporation’, Materials Research
Society spring meeting, San Francisco, US, 11-4-2007

Hessel Castricum, Ashima Sah, Rob Kreiter, Dave Blank, Jaap Vente, Andre ten Elshof, ‘Naar
industriele energiebesparing met microporeuze membranen — structuurontwikkeling m.b.v.
SAXS’ (invited presentation), Jaarvergadering Nederlandse Vereniging voor Kristallografie,
Petten, 9-11-2007

Hessel Castricum and Andre ten Elshof, ‘Industrial energy savings with microporous
membranes — structure development with SAXS’, Universiteit van Amsterdam, 12-12-2007
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e Hessel Castricum and Andre ten Elshof, ‘Hybrid organosilica materials for durable molecular
sieve membranes - development and application’, Universiteit van Amsterdam, 26-3-2008

e Gascon, J, MOFs: a new avenue for Chemical Engineers — from separation to catalysis. Invited
lecture given at the first “Workshop on Metal Organic Frameworks”. Delft, January, 24th 2008.

e D.E. Nanu, W.G. Haije, J. Vente, M.G. Tucker, A.J. Bottger Membrane Technology for
Hydrogen Gas Separation: Towards Designing Metal Membranes” KNCV- Inorganic Materials
& Devices for Sustainable Energy Technologies symposium, 19-04-2007 Ede

e A. Bottger Designing Membranes for Hydrogen Gas Separation: A Study of H-induced
Structural Changes in Metal Membranes NVK symposium - Energieke kristallen 19-11-2007
ECN-Petten

e D.E. Nanu, Hydrogen-induced Structural Changes in Metal Membranes for H2 Purification,
Physics@FOM Veldhoven 2008, 22-23 January 2008, NH Koningshof, Veldhoven

Posters:

e Diana E. Nanu, Amarante J. Bottger, Wim G. Haije, Jaap F. Vente, Bas van Aken, Matt G.
Tucker “H-induced Structural Changes in Metal Membranes for Hydrogen Purification: Model
Predictions vs Neutron Diffraction” International Symposium on Materials Issues in a Hydrogen
Economy November 12-15, 2007 in Richmond, Virginia USA;

e Hessel Castricum, Ashima Sah, Rob Kreiter, Dave Blank, Jaap Vente, Andre ten Elshof ‘Hybrid
Organic-Inorganic Membranes - Stabilizing Ceramic Nanopores with Organic Links’, 14"
International Sol-Gel Conference, Montpellier, France, 5-9-2007

e Hessel Castricum, Ashima Sah, Rob Kreiter, Dave Blank, Jaap Vente, Andre ten Elshof
‘Characterisation of nanoparticle sols for membrane thin films by SAXS and DLS’ , Scientific
Meeting NWO-CW VG, Lunteren, 11-2-2008
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