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CONFERENCE 1: SMART MATERIALS FOR SUSTAINABLE 

PRODUCTION 
Advanced materials technology is a key enabler for sustainable growth in our 
competitive economy. Strong porous and foam structures allow novel membrane 

and catalytic processing applications to reduce emissions and enhance industrial 
processes. Advanced surface treatments enable the environmentally friendly 
industrial production of ever more compact products, requiring less raw materials, 

and offering even more functionalities. Tribological improvements result in 
machinery that dissipate less frictional energy to produce commodities that last 
longer. Advances in biomaterials result in smarter, economically viable systems to 

enhance the quality of life. 
 
Members of the Scientific Advisory Board 

Theme 1: Production and application of nanomaterials 

 Hans Vercammen, Sirris (BE)  

 Chris Van Haesendonck, Catholic University of Leuven (BE)  

 Klaus Rose, Fraunhofer-Institute for Silicate Research (DE)  

 Jules Mullens, Hasselt University (BE)  
 

Theme 2: Biomaterials for improved quality of life 

 Jan Schrooten, Catholic University of Leuven (BE)  

 Etienne Schacht, Ghent University (BE)  

 Jean-Pierre Erauw, Belgian Ceramic Society (BE)  

 Hans-Peter Buchkremer, Forschungszentrum Jülich (DE)  
 

Theme 3: Porous materials for environmental protection 

 Omer Van der Biest, Catholic University of Leuven (BE)  

 Paolo Colombo, University of Padua (IT)  

 Thierry Chartier, ENSCI (FR)  

 Maiko Naito, Osaka University (JP)  

 Rodrigo Moreno, C.S.I.C. (ES)  

 
Theme 4: Advanced surface treatments: eliminating solvents by dry processing 

 Chris Leys, Ghent University (BE)  

 Annemie Bogaerts, University of Antwerp (BE)  

 Richard van de Sanden, Eindhoven University of Technology (NL)  
 

Theme 5: Controlling friction and preventing wear in industrial processing 

 Patrick De Baets, Ghent University (BE)  

 Jean-Pierre Celis, Catholic University of Leuven (BE)  

 Kenneth Holmberg, Technical Research Centre of Finland (FI)  

 
Theme 6: Looking at materials at the nano-scale 

 Karel Van Acker, Catholic University of Leuven (BE)  

 Stefan Kuypers, JEOL (Europe) B.V. (BE)  
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Partnerships 
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Invited presentation: Innovations in Materials Technology for a 
Sustainable World 

 

Messing, G.L. 
 
Department of Materials Science and Engineering and Materials Research Institute, 
Pennsylvania State University, 121 Steidle Bldg, University Park, PA 16802, USA, 
messing@matse.psu.edu, 814-865-2262   
 
 

INTRODUCTION 
 
The influence of materials technologists and scientists is ubiquitous in todayôs materials world.  By 
their actions the materials community influences all of us from the production of simple eating 
utensils to sophisticated cell phones, computers, aircraft components and many more conveniences 
of life.  The call for sustainability recognizes increasingly limited natural resources, and how current 
approaches impact the health and quality of life for current and future generations of the human 
race.  Sustainable production is defined

1
 here as ñthe creation of goods and services using 

processes and systems that are  

 Non-polluting  

 Conserving of energy and natural resources 

 Economically efficient  

 Safe and healthful for workers 

 Socially and creatively rewarding for all working peopleò 
 
The materials community through its collective expertise in the creation and production of goods has 
a profound position in creating a more sustainable world.  Clearly, that role has two prongs (1) 
improving current manufacturing processes to become more energy efficient, non-polluting and 
resource efficient and (2) creation of alternative materials that enable more energy efficient 
operation, less dependence on petrochemicals, and less polluting products.  In this presentation I 
will begin with some egregious examples of non-sustainable design of materials and the 
consequence on the current generation.  Next, I will address how we can innovate current 
manufacturing of goods to be more sustainable with a special reference to the ceramics industry.  
Secondly, I will discuss a number of opportunities where innovative materials can play a major role 
in a more sustainable world.  In all cases it is important to emphasize that innovation in materials 
technologies has to be a global effort to have the impact that is possible and required for future 
generations. 

mailto:messing@matse.psu.edu
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Invited presentation: Laser Surface Texturing 

 
Etsion I. 

 

Dept. of Mechanical Engineering, Technion, Haifa 32000, Israel 
etsion@technion.ac.il, Telephone: 972 4 829 2096, Fax: 972 4 829 5711 

 

ABSTRACT  
 
Surface texturing has emerged in the last decade as a viable option of surface engineering resulting 
in significant improvement in load capacity, wear resistance, friction coefficient etc. of tribological 
mechanical components. Various techniques can be employed for surface texturing but Laser 
Surface Texturing (LST) is probably the most advanced so far. LST produces a very large number of 
micro-dimples on the surface and each of these micro-dimples can serve either as a micro-
hydrodynamic bearing in cases of full or mixed lubrication, a micro-reservoir for lubricant in cases of 
starved lubrication conditions, or a micro-trap for wear debris in either lubricated or dry sliding. This 
presentation reviews the current effort being made world wide on laser surface texturing and the 
potential of this technology in various tribological applications. 
 
 

INTRODUCTION 
 

Surface texturing as a means for enhancing tribological properties of mechanical components is well 
known for many years. Perhaps the most familiar and earliest commercial application of surface 
texturing is that of cylinder liner honing. Today surfaces of modern magnetic storage devices are 
commonly textured and surface texturing is also considered as a means for overcoming adhesion 
and stiction in MEMS devices. Fundamental research work on various forms and shapes of surface 
texturing for tribological applications is carried out worldwide and various texturing techniques are 
employed in these studies including machining, ion beam texturing, etching techniques and laser 
texturing. Of all the practical micro-surface patterning methods it seems that laser surface texturing 
(LST) offers the most promising concept. This is because the laser is extremely fast and allows short 
processing times, it is clean to the environment and provides excellent control of the shape and size 
of the texture, which allows realization of optimum designs. By controlling energy density, the laser 
can safely process hardened steels, ceramics, and polymers as well as crystalline structures. 
Indeed, LST is starting to gain more and more attention in the Tribology community as is evident 
from the growing number of publications on this subject. LST produces a very large number of 
micro-dimples on the surface (see Fig. 1) and each of these micro-dimples can serve either as a 
micro-hydrodynamic bearing in cases of full or mixed lubrication, a micro-reservoir for lubricant in 
cases of starved lubrication conditions, or a micro-trap for wear debris in either lubricated or dry 
sliding. 
 
The pioneering work on LST started at Technion in Israel as early as 1996 [1, 2]. At about the same 
time work on laser surface texturing was done in Germany but unfortunately, most of it is published 
in the German language and hence, is not even referenced in English archive journals. A few 
exceptions are papers coming from the group lead by Geiger at the University of Erlangen-
Nuremberg e.g. [3, 4]. This group uses an eximer laser with a mask projection technique, a mask is 
illuminated with the laser beam and its geometrical information is projected onto the textured 
surface. This method was applied to a punch, used in a backward cup extrusion process for the 
production of rivets, and showed a substantial increase of up to 169% in cold forging tool life. These 
as well as many other papers on LST are described in a review of the state of the art of LST 
covering this subject until 2005 [5]. In the presentation the work that was done on LST prior to 2005 
will be described briefly followed by the new developments since 2005. Laser surface texturing has 
been used in the magnetic storage industry [6, 7] mainly to prevent stiction during start up. This 
issue will not be dealt with in the present review. Instead, the potential of LST in enhancing 
Tribological performance during continuous operation will be described. 
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Figure 1. LST Regular Micro-Surface Structure in the Form of Micro-Dimples 
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Invited presentation: Nanomaterials for bottom-up manufacturing. 

Huskens J. 

University of Twente, MESA+ Institute for Nanotechnology 
Molecular Nanofabrication group 
P.O. Box 217, 7500 AE  Enschede, The Netherlands 
e-mail: j.huskens@utwente.nl, phone: +31-534892995, fax: +31-534894645 

INTRODUCTION 

 
Nanotechnology deals with enabling technologies for the fabrication and study of materials (atoms, 
molecules, particles, etc.) on the nanoscale. In order to study nanoobjects, the preparation of 
nanoobjects is not enough: careful study of their individual properties usually requires anchoring to a 
substrate, and preferably to targeted or prepatterned areas of a substrate. 
Nanofabrication is the subdiscipline that deals with the development of general fabrication 
methodologies for the preparation of nanoobjects as well as of patterned substrates and of assembly 
methods for the anchoring of the objects to the patterned areas. In general, nanofabrication methods 
fall into two classes, which are called top-down and bottom-up. The integration of top-down and 
bottom-up nanofabrication schemes is considered a key issue for the advance of nanotechnology. 
In this paper, we will show the integration of nanoimprint lithography (NIL) as the top-down 
technique [1] with layer-by-layer (LBL) assembly [2] as the bottom-up technique. The full integration 
of these methods is therefore envisaged to lead to the fabrication of 3D nanoobjects of arbitrary 
shapes on substrates, where the x,y dimensions are determined by NIL, while the materials 
versatility and the z dimension originates from the LBL assembly. For the LBL assembly, we have 
used a supramolecular approach [3], based on host-functionalized substrates (ñmolecular 
printboardsò [4]) and nanoparticles (<5 nm) [5] in combination with guest-functionalized dendrimers. 
The whole procedure is shown to result in a multistep, high-fidelity process yielding 3D objects with 
all dimensions on the nanoscale. 
After an introduction to the integration of NIL and LBL for 3D assembly, we will focus on the latest 
results, which cover (i) 3D assembly of larger (>50 nm) nanoparticles [6], (ii) the electrochemical 
reversibility of anchored nanostructures [7], (iii) the patterned layered assembly of biomaterials, 
including various proteins, antibodies, and light-harvesting proteins [8]. 

CONCLUSIONS 

 
Bottom-up nanofabrication constitutes a powerful paradigm for nanomaterials assembly. It can be 
applied in the directions of photonic materials, energy materials, biochips, and many others. In 
particular the full integration with top-down methods will lead to exciting future developments. 
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Invited presentation: Materials Science, an Enabling Technology 
for Regenerative Medicine. 

Hendriks M.1 

1 DSM Biomedical Materials BV, PO Box 18, 6160 MD Geleen, the Netherlands, marc.hendriks@dsm.com, Telephone: +31 

(46) 4760330, Fax: +31 (46) 4763563 

 
The ageing of the population is one of the biggest challenges facing the world in the coming 
decades. As the population grows older, age-related chronic diseases ï neurodegenerative 
disorders such as Alzheimerôs and Parkinsonôs; visual disorders such as glaucoma and age-related 
macular degeneration; cardiovascular disorders such as coronary heart disease, heart failure, and 
atrial fibrillation; nephropathy; osteoporosis, etc. - become increasingly apparent and will bring about 
a massive demand for new ways of treatment. There will be a growing need for curative or, better 
even, preventive, rather than the mostly palliative treatments of today.  
 
The emergence of the biological sciences, particularly in the areas of cell and molecular biology (i.e., 
proteins, peptides and genes), has brought about hope of fulfilling said need. It has laid the 
fundament to a new and very active field that is generally referred to as Regenerative Medicine 
(RM). RM encompasses the convergence of a range of different technologies and can be defined as 
ñthose technologies that provide substitute tissues (both synthetic and natural) and/or cells for 
implantation into the body, or promote tissue remodeling for the purpose of replacing, repairing, 
regenerating, reconstructing, or enhancing function.ò  
 
Today, RM is frequently positioned as the panacea to loss or degeneration of tissue from trauma 
and disease. In bringing about the realization of these promises, materials science is a great partner 
to stem cell biology, genomics, and proteomics in crafting the scaffolds that support regeneration of 
tissues lost to trauma, disease, or genetic defects. Notably, materials designed at (supra)molecular 
scales to interact with cells, biomolecules, and pharmaceuticals will have a profound impact. This 
article will review materials scienceôs partnership role in general, and discuss some of the activities 
that DSM Biomedical pursues in this field in particular.  

mailto:marc.hendriks@dsm.com
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Theme 1: Production and application of nanomaterials 
Nanotechnology is expected to evolve through overlapping stages of industrial 
prototyping and commercialization. A first route involves the development of 

passive nanostructures, mainly involving manufactured nanoparticles (metal oxides, 
quantum dots, carbon nanotubes, etc) serving as raw materials, ingredients or 
additives in existing products. A second route focuses on active nanostructures that 

change their size, shape, conductivity or other properties during use. For example, 
drug-delivery particles that release therapeutic molecules in the body when they 
target their diseased tissues. Papers are welcomed that describe the synthesis of 

nanostructured materials and addressing their potential applications and 
contribution towards sustainable economic development. 

 

Microwave plasma enhanced chemical vapor deposition synthesis 
and applications of few layer graphene. 

Malesevic A.12, Vitchev R.1, Vansweevelt R.3, Ravelingien M.1, Zhang L.4, 

Kemps R.1, Vanhulsel A.1 and Van Haesendonck C.2 

1 VITO Materials, Flemish Institute for Technological Research, Boeretang 200, 2400 Mol, Belgium, 

alexander.malesevic@vito.be , Telephone: (+32) 14-335687, Fax: (+32) 14-321186 
2 Laboratory of Solid-State Physics and Magnetism, K.U.Leuven, Celestijnenlaan 200D, 3001 Leuven, Belgium 
3 IMO, Instituut voor Materiaalonderzoek, Universiteit Hasselt, Wetenschapspark 1, 3590 Diepenbeek, Belgium 
4 Electron Microscopy for Materials Science, University of Antwerp, Groenenborgerlaan 171, 2020, Antwerp, 

Belgium 

ABSTRACT 

 
A novel route for the synthesis of graphene by means of microwave plasma enhanced chemical 
vapor deposition is presented. This technique outclasses its competitors in many ways since it is 
less elaborate and better reproducible than micromechanical cleavage [1] of graphite and less 
expensive than thermal decomposition of silicon carbide wafers [2]. Methane diluted with hydrogen 
is decomposed in a high power microwave plasma and the resulting carbon radicals recombine on 
the surface of any substrate that withstands temperatures up to 700°C. A broad range of substrates 
were successfully tested including silicon, quartz, stainless steel and many metals. The resulting 
carbon nanostructures are freestanding graphene flakes as can be seen in Figure 1, only four to six 
atomic layers thick but up to several micrometers wide and high. The flakes are perpendicular 
aligned to the substrate surface. Thorough qualitative analysis with electron microscopy, scanning 
probe microscopy, X-ray diffraction and Raman spectroscopy lead to the conclusion that the flakes 
are highly crystalline sp

2
 carbon nanostructures with few defects or impurities. A possible growth 

scheme is proposed, based on scanning electron microscopy at various stages in the growth 
process and X-ray photoelectron spectroscopy of the interface between the flakes and the substrate.  
Due to grapheneôs outstanding physical properties, hopes are nursed that several important 
graphene based applications will be developed over the coming years. We present efforts on the 
development of various prototype graphene applications. First, field emission measurements of as 
grown flakes reveal a low turn on voltage of only 3V/µm which is a promising value for possible 
future applications. Second, graphene coatings on titanium bone implants are suited nucleation sites 
for calcium phosphate which is a prerequisite for bone implants. Third, we show that graphene 
flakes are ideal DNA binding sites which is a first step into the development of a biosensor.  
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Figure 1. Cross-section scanning electron microscopy micrograph of the as grown graphene flakes. 
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A new generation of hierarchical structured materials with high 
adsorption capacities and shape selectivity 

Devriese L.I.1, Martens J.A.2, Aerts A.2, Baron G.V.1, Denayer J.F.M.1 

1 Chemische Ingenieurstechniek en Industriële Scheikunde, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussel, Belgium, 
lidevrie@vub.ac.be, Telephone: (+32)26293655, Fax: (+32)26293248 

2 Centrum voor Oppervlaktechemie en Katalyse, KULeuven, Kasteelpark 200, 3001 Heverlee, Belgium 

 

INTRODUCTION  

For decades, zeolites have been used in catalysis and molecular separation. Zeolites are capable of 
discriminating among molecules with different size and shape as a result of the close matching 
between molecule and pore. This unique property is grasped by the term ómolecular shape 
selectivityô. 
 
In past decades significant research efforts have been devoted to the synthesis of ordered 
mesoporous materials to overcome limitations such as the restricted access of larger molecules in 
the internal voids of zeolites and the inherently slow diffusion of molecules in the zeolite pores. While 
the hurdle of limited accessibility is overcome, the absence of the shape selective properties limits 
the application range.  
 
Recently, two new types of hierarchical materials are developed by modifying the ordering of the 
building units through addition of surfactants and polymers: Zeogrids and Zeotiles [1]. Both types of 
materials are characterized by dual porosity and contain ultra-micropores of 0.55 nm. Zeogrids are 
obtained by interposed stacking of silicalite-1 nanoslabs and possess rectangular super-micropores 
of 3 nm. Zeotile-2, built from the assembly of half nanoslabs, contains cubic super-micropores of 2.7 
nm. Zeotile-4 is obtained by the assembly of double nanoslabs and has hexagonal super-micropores 
of 7.3 nm. In the present work, adsorption properties of these new materials are evaluated. 
  

RESULTS 

Low coverage adsorption and separation 
 
The adsorption properties of Zeogrid, Zeotile-4 and Zeotile-2 at low coverage were determined using 
the pulse chromatographic technique at temperatures between 50°C and 250°C. The adsorption 
properties (Henry constants, adsorption enthalpies and entropies) of alkanes, iso-alkanes, alkenes 
and aromatics were derived. 
 
For all biporous materials the observed tendencies of zeolites are found: an exponential increase of 
the Henry constants of alkanes and iso-alkanes with carbon number, an exponential decrease of the 
pre-exponential factors and a linear increase of the adsorption enthalpy. Figure 1 shows the van ót 
Hoff plots of n-pentane and n-octane on the biporous materials Zeotile-2, Zeotile-4 and Zeogrid. 
.  

 
Figure 1. van ót Hoff plots of n-pentane and n-octane on Zeotile-2, Zeotile-4 and Zeogrid 
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Zeogrid and Zeotile-4 possess identical separation factors between linear and branched alkanes, 
while Zeotile-2 shows higher separation factors. Although all of these materials have lower 
separation factors compared to the highly selective ZSM-5 zeolite, they are still capable of 
separating linear from branched alkanes. 
 
A simple method is proposed to identify shape selectivity in porous materials based on the use of 
the pulse chromatographic technique using linear and branched alkanes as probe molecules. A 
correlation between the retention volume (Vg) measured in pulse gas chromatography and the 
saturation pressure (ps) of the sorbate for homologous series can be used for this purpose [2, 3]: log 
Vg = a log ps + b. If the logarithmic of the retention volume of homologous series are plotted as a 
function of the logarithmic of the saturation pressure, a linear relationship is obtained [4]. The 
analysis is made of the shape selectivity properties of mesoporous solids (MCM-41, MCM-48, silica), 
classical zeolites (NaY, ZSM-5, Beta, MOR, SAPO-5) and new hierarchical structured biporous 
materials. Shape selectivity in the adsorption of n- and iso-alkanes was observed on Zeotile-2 at low 
coverage [5].  
 

Adsorption isotherms 
 
Vapour adsorption isotherms of n-octane, iso-octane, 1-octene, 2-octanol, m-xylene, p-xylene, o-
xylene, ethyl benzene and water on Zeotile-2 were determined using the gravimetric technique at 
70°C. A remarkably high adsorption capacity for organic vapours on Zeotile-2 (40-50 wt %) 
compared to zeolites (max. 35 wt %) was observed. 1-Octene and n-octane have similar adsorption 
capacities, but 1-octene is adsorbed more strongly at lower partial pressures. Figure 2 shows the 
adsorption isotherms of n- octane, 1-octene and o-xylene on Zeotile-2 at 70°C. o-Xylene is adsorbed 
stronger still at low partial pressure and possesses a higher adsorption capacity compared to 1-
octene and n-octane. These observations are in conformity with the results of the pulse 
chromatographic experiments. 
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Figure 2. Adsorption isotherm of n-octane, 1-octene and o-xylene on Zeotile-2 at 70°C 

 

CONCLUSIONS 

Adsorption properties of the hierarchical structured materials Zeogrid, Zeotile-2 and Zeotile-4 are 
studied and evaluated in this work. These materials possess extremely large adsorption capacities. 
Zeotile-2 shows separation factors which are substantially larger than would be expected on basis of 
differences in interactions between molecules and a non-specific surface without shape selectivity. 
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Membrane emulsification for the micromanufacturing of micro- 
nano-particulates and their application 

 

Giorno L.1, Piacentini E.1,2, Bazzarelli F.1, Mazzei R.1,3, Drioli E.1,2 

 
1
Institute on Membrane Technology, National Research Council, ITM-CNR, At University of Calabria, Via P. Bucci 17/C, 

87030, Rende (CS), Italy, l.giorno@itm.cnr.it  

2
Dept. of Chemical Engineering and Materials, University of Calabria, Via P. Bucci 42/A, 87030, Rende (CS), Italy  

3
Dept. of Ecology, University of Calabria, Via P. Bucci 6/B, 87030 Rende (CS), Italy 

 

 
INTRODUCTION 
 
Membrane emulsification is a relatively new technique able to produce microsized-to-nanosized 
droplets and particles functionalized with shear sensitive components [1-3]. Membrane wetting 
properties, pore size and shape, porosity, dispersed phase flux control particulate size and size 
distribution.  
One of the most common membrane emulsification method involves an applied pressure to force a 
dispersed phase to permeate through a membrane into a continuous phase, while the continuous 
flows along membrane surface. The detachment of droplets on the membrane surface results in the 
production of emulsion/suspension with controlled droplet size distribution at mild conditions of shear 
stress and temperature. The distinguishing feature is that the resulting droplets size is controlled 
primarily by the choice of the membrane.  
The viscosity of the dispersed phase also has an important effect on the performance of membrane 
emulsification. According to Darcyôs law, the dispersed flux is inversely proportional to the dispersed 
phase viscosity. Thanks to thermal resistance of some membranes it is possible to carry out 
membrane emulsification using high viscose compounds at high temperature [4].  
Since membrane emulsification allows production of emulsions with very narrow droplets size 
distributions at a low mechanical stress, it can be easily applied for manufacturing products that 
benefit from these properties [5]. In particular, membrane emulsification can be used formulate 
products and processes using labile bioactive molecules. For example, enzymatic reactions in which 
substrate and product have different solubility, can be carried out in heterogeneous systems, like 
emulsions, that permit the selective removal of products from the reaction site, thus increasing the 
conversion of product-inhibited or thermodynamically unfavourable reaction.  
In general, membrane emulsification is very suitable for formulation of stable particles containing 
phase transfer catalysts.   
It can be also used to prepare complex microstructures with interfaces functionalized able to 
respond at external stimuli, e.g. release of drugs activated by target molecules. 
In this paper, case studies on the preparation of micro- nanosized functionalized particulates by 
membrane emulsification for phase transfer catalysis, reaction intermediate control and drug release 
will be discussed.   
 

RESULTS 
 
Lipase is an interfacial enzyme that catalyzes reactions of water insoluble substrates in presence of 
water/lipid interfaces [6]. Usually, lipase is distributed at oil-water interface by mechanical 
homogenization process. In this case, high-energy imputes are required and shear-sensitive 
ingredients, such as proteins, cannot be used without loss of their functional properties. In fact, it has 
been observed that various enzymes lose activity when a solution is maintained under a high shear 
stress for a long time. Furthermore, in mechanically homogenization processes droplets size 
distribution and interfacial area are constantly changing and it is observed phase separation when 
agitation is stopped. Therefore, it is necessary to add emulsifiers in order to stabilize emulsions.  
Using membrane emulsification technique, lipase could be distributed at stable oil-water interface 
without addition of other surfactants.  
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Emulsion with narrow droplet size and size distribution was obtained. Droplets sizes ranged from 0.7 
(Ñ0.01) to 3.1 (Ñ0.2) ɛm with a maximum at 1.6 ɛm (Ñ0.4), representing more than 90 % of droplets 
emulsions. Activity and enantioselectivity of lipase distributed at the oil/water interface by membrane 
emulsification was evaluated by means of enantioselective hydrolysis of 5 mM racemic naproxen 
methyl ester present in organic droplets. The production of (S)-naproxen acid increased as a 
function of time and the enantiomeric excess of the (S)-naproxen acid was 100%. No enantiomeric 
excess decrease was observed as long as the conversion of the naproxen methyl ester did not 
exceed 45 % [7]. The control of droplets size favours the formation of stable and large interface 
through which conversion of hydrophobic substrates can be catalyzed. Increasing interfacial area 
increases the substrate availability for the reaction. Hydrophobic substrate dissolved in organic 
phase can be converted with high yields because removing the water-soluble product from the 
reaction microenvironment to the aqueous phase can shift the thermodynamic equilibrium of 
reactions. In this model the interface provides reaction site in stable conditions because the 
interfacial area of emulsion produced  by membrane emulsification process does not change during 
the reaction course. 
Membrane emulsification concept can be also applied to improve efficiency of reaction selectivity 
and product stability, e.g. in biomass processing. By properly designing the process, it is possible to 
integrate the reaction step (occurring in homogeneous phase) with the product separation step 
(occurring at heterogeneous interface) so that to separate the intermediate instable reaction 
products and protect them in stable droplets. 
 
 

CONCLUSIONS 
  
The suitability of membrane emulsification to optimise multiphase heterogeneous reactions by 
distributing phase transfer catalyst at the oil/water interface as well as to improve reaction selectivity 
and product stability in biomass processing has been investigated. 

The mild operative conditions in terms of shear stress of this technique allowed obtaining emulsions 
with droplets stabilised by the lipase itself without the need of additional emulsifier.  

Thanks to low shear stress and enzyme optimal spatial arrangement at the stable and constant 
oil/water interface, lipase showed very high enantioselectivity (100%), productivity and conversion 
degree (90% of the isomer of interest was converted in about 24 h).  
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Development of a nano-sized abrasive for advanced 
polishing applications in IC manufacturing 

 

, Stijn Put, Daniel Nelis, Dirk Van Genechten, Paul Joke De Messemaeker
Lippens and Yves Van Rompaey 

 
In the manufacturing of integrated circuit (IC) chips ever more and smaller transistors are placed on 
a single chip, leading to increasing chip capability and speed. This miniaturisation would not have 
been possible without chemical mechanical planarization (CMP), an IC process step invented by 
IBM in the 1980ôs. During this step deposited films of different materials are planarized and reduced 
to a precise target thickness by polishing with an abrasive particles containing slurry. In view of the 
extremely small dimensions of the integrated circuitry, CMP induced defects such as scratches and 
residual particles are able to destroy the functionality of the chip. Therefore specifically designed 
abrasives are required, allowing minimisation of the number and size of the defects. On top of these 
stringent defectivity requirements the abrasives ï mostly SiO2, CeO2 and Al2O3 ï should produce a 
sufficiently high material removal rate in order to comply with the high throughput demands of 
modern chip fabs. 
 
Umicore developed a gas phase synthesis process producing nano-sized CeO2 abrasive particles 
for CMP possessing the required narrow particle size distribution, very low trace metal 
contamination levels, and controlled morphology, with the possibility to vary the primary particle size 
in a wide range. The impact of different powder properties such as specific surface area, particle 
size distribution and particle morphology on CMP performance was investigated. To this end 
suitable, stable dispersions were developed. An excellent control of the coarse particle tail and the 
morphology of the particle turned out to be of particular importance. 
 



i-SUP2008 Innovation for Sustainable Production 
April 22-25, 2008, Bruges, Belgium 

Conference 1 

 19 

Deposition of carbon nanotubes in microwave torch and their 
application 

Burġ²kov§ V. 1, Burġ²k J. 2, David B.2, Eli§ġ M. 1, Ficek R.3, Franta D. 1, Jaġek 
O.1, Kadleļ²kov§ M.4, Klapetek P.5, Klementová M.6, Kuļerov§ Z. 1, MatŊjkov§ 

J.7, Neļas D. 1, Schneeweiss O.2, Synek P. 1, Vondr§ļek M.8, Vrba R.3 and  

Zaj²ļkov§ L.1  
1 Department of Physical Electronics, Masaryk University, Kotl§Śsk§ 2, 611 37 Brno, Czech Republic, 

lenkaz@physics.muni.cz, Telephone: +420 54949 8217, Fax: +420 54121 1214 
2 Institute of Physics of Materials, AS CR, Ģiģkova 22, 616 62 Brno Czech Republic 

3 Department of Microelectronics, Faculty of Electrical Engineering and Communication, Brno University of Technology,  
Údolní 53, 602 00 Brno, Czech Republic 

4 Department of Microelectronics, Faculty of Electrical Engineering and Information Technology, Slovak University of 
Technology, Ilkoviļova 3, 812 19 Bratislava, Slovak Republic 

5 Czech Metrology Institute, Okruģn² 31, 638 00 Brno, Czech Republic 
6 Institute of Inorganic Chemistry, AS CR,  250 68 Husinec-řeģ, Czech Republic 

7 Institute of Scientific Instruments,AS CR, Královopolská 147, 612 64 Brno, Czech Republic 

8 Institute of Physics, AS CR, Na Slovance 2, 182 21 Praha, Czech Republic 

 
 

INTRODUCTION 

Carbon nanotubes (CNTs) are extremely interesting materials with unique properties suggesting 
their future important role in nanotechnology engineering. The strength and flexibility of carbon 
nanotubes makes them of potential use in controlling other nanoscale structures. Carbon nanotubes 
have already been used as fillers in polymer composites to improve the mechanical, thermal and 
electrical properties of the bulk product. Because of their great mechanical properties, a variety of 
structures has been proposed ranging from everyday items like clothes and sports gear to combat 
jackets and space elevators. Their unique dimensions and unusual current conduction mechanism 
make them ideal components of electrical circuits. Nanotube based transistors have been made that 
operate at room temperature and that are capable of digital switching using a single electron. 
Carbon nanotubes have also been implemented in nanoelectromechanical systems, including 
mechanical memory elements and nanoscale electric motors. They can be used also in the 
applications requiring a cold emission of electrons. 
In this paper we will give an overview on our present research of the CNT deposition using 
microwave torch at atmospheric pressure in plasma enhanced CVD technique. We also describe our 
efforts in application of carbon nanotubes either deposited directly on the substrates for pressure or 
sensor by above PECVD technique or purchased from Nanocyl and used as a filler in 
CNT/polyurethane nanocomposites. 
 

 
CATALYSTS FOR CNT GROWTH 
 
Carbon nanotubes were deposited either using the iron-based catalytical layer on the substrate or by 
the direct supply of iron catalyst into the plasma phase using iron pentacarbonyl Fe(CO)5. The Fe 
layers (5 ï 20 thick) were vacuum evaporated on the top of barier SiOxCyHz film prepared on silicon 
substrate. The SiOxCyHz coating was deposited by plasma enhanced CVD from 
hexamethyldisiloxane/O2 gas mixture and annealed subsequently in vacuum at 700 

o
C. The iron 

phases present in the catalytical layers were determined by conversion electron Mössbauer 
spectroscopy (CEMS) of the layers prepared from 

57
Fe isotope. The CEMS confirmed that the 

catalytic layers are composed of Fe
3+

 phase (Fe2O3). This phase was stable during UHV annealing 
according to CEMS but UV-photoelectron spectroscopy (UPS) with the sensing depth below 0.4 nm 
showed reduction of the surface and creation of island structure after annealing above 600 

o
C. 

The catalytical layers were also studied by optical methods, ellipsometry and reflectometry, in 
UV/visible/NIR range. The aim was to determine their thickness and structure (nonhomogeneity, 
porosity). Fitting of the optical data represened a difficult task because of very low layer thickness. 
The measurement were intentionally performed on the sample with the SiOxCyHz coating. In other 
case, the presence of thin native oxide on the Si substrate with not well defined optical properties 
could not be neglected and it would complicate even more the data fitting. In order to decrease 
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parameter correlation the multisample method was applied in which the measurements on a bare 
SiOxCyHz/Si sample and two similar catalytical layers on SiOxCyHz of different thicknesses and 
optical properties were fitted together.  
 

DEPOSITION OF NANOTUBES IN MICROWAVE TORCH  

It was shown in our papers that the microwave torch can be succesfully applied to the fast 
deposition of multi-walled nanotubes (MWNTs) on the substrate without necessity of any vacuum or 
heating equipment. The torch apparatus was described in detail in Zajickova et al. 2005. It operated 
at the frequency of 2.45 GHz. MW power was transmitted by a waveguide through a coaxial line to a 
hollow nozzle electrode. The coaxial line and the electrode accommodated a dual gas flow. Argon 
passed through a central opening and the deposition mixture, H2/CH4, was added by a set of holes 
in the outer housing.  
Nanotubes were usually prepared on Fe2O3/SiOxCyHz/Si substrates facing the torch. Their 
temperature was regulated by the distance from the nozzle and hydrogen flow rate, i.e. torch height, 
Zajickova et al. 2005. The substrate temperature used usually for the deposition was 700 

o
C. The 

catalytic layer treatment for the production of Fe nanoparticles was an integral part of the deposition. 
The deposition time of several micrometers long CNTs was below 1 min. The disadvantage of the 
torch deposition lay in its spatial non-uniformity given by the torch dimensions. It caused non-uniform 
substrate heating and consequently a non-uniform deposition of CNTs. This problem was overcome 
by substrate heating in Ar/H2 discharge prior to the deposition, Jasek et al.  2007. The deposit was a 
continuous films of straight standing CNTs with an average diamater below 40 nm. HRTEM showed 
the presence of triple-walled nanotubes with outer diameter below 5 nm. Raman spectra in the low 
frequency region consisted in several weak peaks assigned to RBM of thin MWNTs whereas first-
order Raman peaks in the high frequency region were attributed to D, G and Dô bands, Zajickova et 
al. 2007. 
For certain applications like emission-based pressure sensor (see below) it was not possible to 
deposited CNTs on insulating SiOxCyHz film that should serve as diffusion barrier preventing 
formation of iron silicides at the beginning of CNT deposition. Therefore, the deposition was tested 
also on Si substrate with only Fe-based catalytical layer. It was proved that, even in this case, similar 
CNTs films as above can be prepared (see Figure 1). 
 
The CNT synthesis was preliminary tested using Fe catalyst in the gas phase instead of thin layer on 
the substrate. Vapors of Fe(CO)5 were delivered to the plasma deposition zone by bubling argon 

through the liquid Fe(CO)5. For the characterization purposes the deposits were collected on the 
silicon substrate facing the torch as in the previous depositions. In certain range of deposition 

 

       

 
Figure 1. SEM micrographs of CNTs deposited using Fe-based catalytic layer on Si 

substrate without difussion barrier coating. Deposition temperature was 700 
o
C. Ar, 

CH4 and H2 flow rates were 1500, 430 and 25 sccm, respectively. Plasma processes 
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conditions CNTs with quite low diameters were indeed observed by SEM (see Figure 2). It 
corresponded to Raman spectroscopy revealing a peak in the RBM region. 
 

 
 
Figure 2. SEM micrograph of CNTs deposited using catalyst in the gas phase, i.e. using Fe(CO)5 in 
the deposition mixture. 
 
APPLICATIONS OF CARBON NANOTUBES 
 
The CNTs prepared by the technique described above have been used in two novel sensors of 
pressure. The CNTs act either as an electron emission source or as an element increasing the 
capacitance due to an increase of the surface. Both sensors consisted of an elastic silicon 
membrane fabricated by wet anisotropic etching and a thicker counterpart electrode. The emission-
based sensor was constructed with the elastic anode electrode and the cathode covered by 
MWNTs, Ficek et al. 2007. The capacitance sensor had both the electrodes covered by MWNTs. 
Additionally, the CNTs were tested in electrochemical detection of heavy metals. 
Commertially purchased MWNTs were used as a filler in polyurethane composites. It was shown 
that 0.1 and 0.05 % of CNTs increases more than five times the plastic hardness of the composite 
when a good dispersion of CNTs in the polymer matrix was achieved. Further improvement of 
nanotube dispersion and mechanical properties was achieved when using commertially 
functionalized CNTs with COOH groups. The functionalization of CNTs was also performed in 
inductively coupled r.f. discharges in the gas feeds of Ar/H2, Ar/H2O and N2/H2. The functionalized 
CNTs were characterized by XPS, Raman spectroscopy and FTIR. XPS was not very sensitive 
technique to any kind of functionalization. It revealed about 1 % of oxygen present in the pristine 
commertial CNTs. This content did not changed with plasma functionalization in Ar/H2O and N2/H2 
but it increase to about 6 % for COOH-CNTs. FTIR showed presence of OH, COOH, NH2 and NH3 

groups in CNTs functionalized with corresponding groups. The functionalization affected the ratio of 
D and G peaks in the Raman spectra. 
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INTRODUCTION 

 
Carbon nanotubes can be used, amongst other applications, as conductive filler for the manufacture 
of low resistivity thermoplastic materials.  The added value of such nanocomposite compared to long 
existing solutions based on carbon black as the filler, lies mainly in the low addition of carbon 
nanotubes required for a given conductivity.  The low filler content results in improved, or rather 
lesser degraded, mechanical properties of the composites. 
 
Further to that mechanical interest of the substitution of carbon black by carbon nanotubes, the 
global environmental impact of the production of such materials is also largely in favor of the carbon 
nanotubes based composites.  The research work presented in this paper was focuses on the 
quantification of such advantage as part of the determination of the Life Cylce Analysis of carbon 
nanotubes based nanocomposites. 
 
 

RESULTS 
 
Within the Life Cycle Analysis (LCA), two main parameters have been selected to reflect the impact 
of a material on the environment, the global energy requirement (GER) and the global warming 
potential (GWP).  In view of minimizing such impact, two approaches have been followed.  One 
consists in improving the dispersion of the filler in a nanocomposite, thereby reducing the loading of 
the filler for identical properties.  The other consists in improving the production technology to reduce 
waste and energy consumption as well as to improve the yield.  For this latter, two stages of 
improvement beyond the laboratory scale production have been developed and evaluated; an 
industrial production open line and one with recycling of gases. The various approaches have been 
quantified in the frame of the production of a reference conductive nanocomposite using carbon 
nanotubes as the conductive filler.  Improvement of the production of the nanotubes reduced by 45% 
their GER and by 76% their GWP.  Improved dispersion further reduced the GER of the 
nanocomposites.  As a result the reference conductive composite material produced was impacting 
the environment as expressed by the Global Warming Potential significantly less than a referenced, 
commercially available, conductive composite. 
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INTRODUCTION  

 
Metal oxides with different compositions have important applications in different devices, such as 

photovoltaic cells, based on nanocrystalline TiO2 or ZnO, energy harvesting systems, containing e.g. 

piezoelectric Pb(Zr,Ti)O3, or MOSFET high-k gate dielectrics, like ZrO2 or HfO2, for reduced power 

consumption, etc.  

In our research group, a water based solution-gel route is being developed for the preparation of 

many different (multi)metal oxides. This route distinguishes itself from other sol-gel or metalorganic 

decomposition synthesis routes by the use of water as the solvent, having economic and ecologic 

advantages. To prevent hydrolysis and condensation of high-valent metal ions, water soluble 

coordination complexes, most often with citrato ligands, are synthesized. These are then used as 

the start materials in (multi)metal ion precursor solutions. It has been demonstrated that thus 

prepared water based-precursor solutions can be applied for chemical solution deposition (CSD) of 

thin films of e.g. ferroelectric multimetal oxides.  

Currently, the use of water based precursor solutions is being evaluated for the preparation of more 

complex nanostructures such as ultrathin (< 10 nm) continuous layers and nano-islands.   

Also, metal oxide nanoparticles are being synthesized by means of water-based chemical solution 

methods, and further implemented as the building blocks of nanostructured metal oxides or hybrid 

nanocomposite materials. 

Water based chemical solution synthesis of (multi)metal oxides 
 
In first instance, the aqueous solution-gel route is applied for the preparation of (multi)metal oxide 
(nano)powders, where the high degree of homogeneity in the precursor is maintained throughout the 
thermal decomposition and leads to low crystallization temperatures and phase purity. An in depth 
understanding of the precursor solution and gel chemistry and their decomposition mechanism is 
obtained [VdRul06, VBael05, Hardy03].  
In a next step, the route has shown to be applicable for the deposition of thin metal oxide films 

(thickness  > 100 nm) as well. The use of adequate substrate surface pretreatments hereby allows 

the preparation of uniform, dense or porous thin films [VBael02]. In this way, ferroelectric thin films 

were prepared as well as conducting and semiconducting oxides [Nelis04, Hardy05, Bretos06, 

VWerde07, Truijen07]. 

Up to date, materials research is progressing towards continued miniaturization into the nanoscale, 

combined with controlled nanostructure formation. Our most recent research is focused on 

advanced chemical preparation routes for these purposes. On the one hand, metal oxide or hybrid 

materials with a rather complex nanostructure are investigated for several different applications such 

as solar cells, while on the other hand applications requiring nanosized materials on substrates are 

envisaged, for instance in nanoelectronics.  

The aqueous solution-gel route is now being investigated to achieve these goals, which implies 

stretching its limits beyond powder synthesis and thin films. The previous requirements still remain: 

phase purity, high degree of homogeneity, low crystallization temperature, economic and ecologic 

aspects, ... . But, additional demands are made: control over shape, size, microstructure,....   
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Water based CSD: beyond the deposition of óconventionalô thin layers 
 

The application of aqueous solution-gel synthesis to the preparation of continuous and uniform, 

ultrathin films as well as nanoislands on substrates, based on the microstructural instability 

phenomenon, will be discussed. 

 

 

Figure 1: Upon CSD of a  first precursor composition, separated, circular structures are observed 

(diameter ~ 50 nm), while the second precursor composition allows uniform substrate coverage.  

 

The preparation of ultrathin films (<30 nm) by means of CSD has long been thought to be 

impossible, as partial substrate uncoverage was observed. However, recently, this has been shown 

to be possible by means of aqueous CSD. On the other hand, the rupture of the film into separate 

nanoislands can also be put to use, e.g. for the preparation of nanostructures on a substrate 

[Alexe06].  The factors that govern whether one or the other process occurs, are being studied 

studied. 

Depending on the precursor composition or concentration and the thermal treatment, different 

results are obtained, as is illustrated for different metal oxide materials in figures 1 and 2.  

 

             

 

Figure 2: (left) A continuous metal oxide ultrathin film (5.7 nm), which possesses excellent thickness 

uniformity over a broad range, is obtained by means of  CSD of a diluted water-based precursor 

solution. 

(right) Individual nano-islands of a ferroelectric metal oxide are prepared by means of CSD  

of a water-based precursor solution. 
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This demonstrates the possibility of tailoring, on a nanosized scale, the metal oxideôs microstructural 

properties and therefore its properties and applicability. The application of ultrathin film deposition by 

aqueous chemical solution routes in the search for alternative gate dielectric materials will be 

discussed in further detail [VElsh07, Hardy07] also considering their electrical performance. 

Metal oxide nanoparticle based devices 

The formation by water-based methods of nanoparticles of e.g. ZnO and TiO2 with different 
morphologies is extensively reported on in international literature [VdRul2007]. However, still, no 
systematic and decisive information about the mechanisms, leading to either spherical or high-
aspect ratio particles is known. 
In the work presented here, ZnO and TiO2 nanoparticles (figure 3) and nanorods are being 
synthesized by means of a hydrothermal method [Elen06, Lepot07]. The influence of different 
synthesis parameters on the particlesô size and shape is investigated in a systematic way [Elen08]. 
The synthesized nanoparticles are used as building blocks for the mesoporous n-type electrode in 
Grätzel-type hybrid photovoltaic devices. A favourable effect on the properties of the photovoltaic 
cell is observed in the presence of a dense TiO2 layer [Truij07] that reduces leakage current and 
shortcut between the transparent oxide electrode and the mesoporous n-type semiconducting layer.  
Also, it has been demonstrated, that a water soluble organic hole conductor can be used in fully 
solid sate solar cells, and in combination with water processable TiO2 layers, to develop ógreenô solid 
state solar cells [Haeld07]. The presented water-based synthesis procedure for the photosensitizer, 
electron and hole conductor, demonstrates the possibility to develop fully ógreenô solid-state solar 
cells. Further improvement of the solar cell properties, by optimizing the active layerôs thickness, 
morphology and porosity are now in progress.  

 
 
 

          
  

Figure 3. (Left) TiO2 nanoparticles, (middle) ZnO nanoparticles and (right) ZnO based porous layer 
synthesized by a hydrothermal method.   

 

CONCLUSIONS 

 
It can be concluded that the aqueous solution-based synthesis method, and more specifically the 
water based solution-gel method, which has been developed intensively in our research group, is 
now a mature method. It shows a strong potential for the synthesis of highly complex, nanosized and 
nanostructured (multi)metal oxide systems. The presented water-based methods offer promising 
possibilities for the ógreenô production of ógreenô devices.  
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Production of high-strength aluminum alloys reinforced by 
nanosize quasicrystalline particles  
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Quasicrystals are a new class of materials with unusual atomic structure and mechanical properties. 
As distinct from the crystalline state, the translational long-range order is absent in quasicrystals, but 
there is a rotational symmetry with 5-, 8-, 10- or 12-fold axes, which is forbidden in crystalline 
materials. Absence of translational symmetry in all three orthogonal directions is characteristic of 
icosahedral quasicrystals. The special atomic structure of quasicrystals is responsible for a number 
of unique physical and chemical properties; in particular, a very high hardness (up to 10 GPa) with 
some microplasticity at room temperature indentation in nanosize volume. 
Peculiarities of deformation processes in quasicrystals and composite alloy quasicrystal ï Al matrix 
as well as very low diffusion rate in a complicated quasicrystalline lattice promised to achieve a 
higher level of elevated temperature strength combined with a sufficient ductility. 
It has been shown [1, 2] that the creation of nanoscale quasicrystalline precipitates is possible in the 
Al-Fe-Cr system. The alloys indicated above can be produced only by using rapid solidification 
technique with semi-product manufacture by powder metallurgy (PM) methods. 
Japanese scientists have published several patents about heat-resistant aluminum-base alloys, in 
which more than 200 compositions of high-strength elevated temperature aluminum alloys with 
quasicrystalline reinforcing phase are described. But the Japanese scientists used a very 
complicated and expensive technology of alloy manufacturing. In this technology the process of 
producing PM rod from argon-atomizing the melt to consolidation and extrusion is carried out in a 
hermetic chamber with high-purity argon without carry-over of powders and billets to air. 
A water atomization technique [3] was used in the present work to produce powders of Al-Fe-Cr 
system with disperse quasicrystalline particles and was developed a technology of their 
consolidation (allowing one to conserve the quasicrystalline particles in a final product). 
Water atomization gives a higher cooling rate in comparison to gas atomization as well  an irregular 
shape of particles, which is more convenient for compaction. 
For creating elevated temperature Al alloys the PM technology was used in the present work. 
Powders were produced by water-atomization technique (fig.1). 
For protecting aluminum alloy powders against oxidation in water special methods were used 
(cooling water and application of inhibitors). 
The process of powder consolidation (CD) was developed based on the experience of the granular 
technology. The CD process differs from traditional ones by the insertion into a capsule of powders 
in the form of briquettes initially pressed at room temperature. After that the briquettes are subjected 
to hot degassing and compacting in hermetic capsules. 
The capsule with the briquette was extruded at 350-450 

0
C to a rod 7-9 mm in diameter (the 

reduction coefficient  = 12.8-7.7).  
The chemical composition of some investigated alloys are given in the table 1. 
The shape and the structure of  powders is shown in fig.2. 
The rapid solidification technique, which is used for production of amorphous thin ribbons, was 
applied as well. In this case nanostructured Al matrix strengthened by nanosize quasicrystalline 
particles was obtained (fig.3). 
It is clear from the results of X-ray diffraction analysis of the structure of rods that a small amount of 
crystalline intermetallics is formed at Textrusion = 400 

0
C. But no peaks of intermetallics were 

registered after the extrusion at 350 
0
C (fig.4). In this work it was shown that, according to X-ray 

diffraction analysis, only the quasicrystalline i-phase as a strengthening one is present in the 
structure of the rods of alloys manufactured by optimum regimes. 
 

mailto:milman@ipms.kiev.ua
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Figure1. Schematic representation of equipment for production of water atomized aluminum 

powders 
 

Table 1. Composition of PM Al94FexCryTizZr6-x-y-z alloys chosen for the investigation 
 

Alloy # Composition, at. % Composition, wt. % 

1 Al94Fe3.5Cr2.5 Al-6.88Fe-4.54Cr 
2 Al94Fe2.5Cr2.5Ti1 Al-4.89Fe-4.55Cr-1.68Ti 
3 Al94Fe2.5Cr2.5Ti0.5Zr0.5 Al-4.86Fe-4.52Cr-0.83Ti-1.59Zr 
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a b 

Figure2. Characteristic particle shape in water atomized powders of Al-Fe-Cr-(Ti, Zr) alloys (a) and 
quasicrystalline participates in section of powder particles (SEM) (b) 

 

 
 

a b 

  

c d 

Figure 3. Nanocrystalline aluminum matrix reinforced by nanosize quasicrystalline particles: 
a) bright field image; b) electronic diffraction pattern; c) dark field image in a part of rings from 

quasicrystalline i-phase; c) dark field image in (220) reflection of Al 
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a b 

Figure 4. Sections of X-ray diffraction patterns of rods of alloys #1,  = 12.8:  
a) Textrusion =400

 0
ʉ;   b) Textrusion = 350

 0
ʉ 

 

Our estimation made from SEM images gives the volume part of reinforcing particles f in rods  30 
% for alloys given in table 1.  

The theory proposed by Gurland et al. [4] for the plasticity to fracture  of plastic metals reinforced 

with particles of a rigid second phase has shown that  is a function of the volume fraction f of the 
second phase only. This theory and many experimental results have shown that metal-matrix 

composites with f = 30 % must have very low plasticity to fracture , if reinforcing particles have 
usual crystalline structure. But there is the essential plasticity in alloys under investigation with high 
concentration of the second phase. We think that it is connected with unusual behavior of 
quasicrystals during deformation [5,6,7], namely with microplasticity of nano-quasicrystalline 
particles. 
The values of Youngôs modulus in obtained alloys are 21-28 % higher than in unalloyed Al (table 2). 
The produced rods have high mechanical properties both at room temperature and at the testing 
temperature equal to 190 and 300 

0
C (table 2). 

 
Table 2. Mechanical properties of rods from Al-Fe-Cr alloys 

 

Chemical 

composition 

Test temperature 

20 C 190 C 300 C 

YS 

MPa 

UTS 

MPa 

El 

% 

E 

GPa 

YS 

MPa 

UTS 

MPa 

El 

% 

YS 

MPa 

UTS 

MPa 

El 

% 

Al-Fe-Cr 485 542 7.0 87.7 388 413 3.44 283 297 3.5 

Al-Fe-Cr-Ti 546 585 8.4 89.8 425 458 4.47 328 345 3.9 

Al-Fe-Cr-Ti -Zr 648 677 7.0 90.0 464 511 2.63 331 351 1.8 
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CONCLUSIONS 

The process of water atomization may be used for producing powder of Al-Fe-Cr alloys containing i-
phase. Compaction of these powders must be made by severe plastic deformation without sintering. 
The elevated temperature aluminum alloys obtained by the optimum regimes had a nanostructural 
Al matrix (200-300 mm) and are reinforced by nanosize (50-100 nm) quasicrystalline particles. 
The best compositions of Al-Fe-Cr-Ti and Al-Fe-Cr-Ti-Zr had tensile strength at 300 

0
C on the level 

of 300 MPa and higher together with the residual elongation at ambient temperature of about 8 % 
and Young modulus close to 89 GPa. The produced alloys had a good thermal stability of strength 
properties at 300 

0
C. 

According to X-ray diffraction analysis, only the quasicrystalline i-phase as a strengthening one is 
present in the structure of the rods of alloys manufactured by optimum regimes. 
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Hybrid and non siliceous ordered nanoporous materials: 
synthesis, applications and challenges1 

Van Der Voort, Pascal1 
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In recent years, research efforts in the field of ordered mesoporous material s are shifting 
towards  either hybrid materials, containing both inorganic (typically silica) and organic 
functionalities, or towards variants that do not contain silica at all. Promising examples of 
hybrid materials are periodic mesoporous organosilicas (PMOs); examples of non-siliceous  
mesoporous materials are  carbons, polymers and metal oxides. They can be further tuned to 
obtain structures with a wide range of functional groups, and are candidates for applications in 
adsorption, catalysis, sensoring, environmental technology, microelectronics and several other 

applications.   

INTRODUCTION 

Porous materials were already known by the ancient Egyptians. The presence of voids of 
controllable dimensions at the atomic, molecular or nanometer scale makes them of high 
scientific and technological importance.  A large diversity of materials with different properties is 
developed over the years, studied and evaluated by an interdisciplinary community ranging from 
chemists and physicists to medical doctors and mathematicians. The pores of the solids are 
classified by the IUPAC according to their size: pores with a diameter below 2 nm are called 
micropores, between 2 ï 50 nm mesopores and above macropores. 
 
The discovery that ordered mesoporous materials with a very narrow pore size distribution can 
be prepared by the hydrolysis and condensation of inorganic precursors (the sol gel process) in 
the presence of surfactant micelles (templates) represented a significant breakthrough in the 
porous materials synthesis. This discovery is generally attributed to the researchers of Mobil Oil 
Corporation in 1992

1
. Contrary to the microporous zeolites, ordered mesoporous materials are 

not necessarily ordered on an atomic level; most of the pure silica ordered mesoporous 
materials have amorphous silica walls. The term óorderedô means in this context that the pores 
are ordered.  
 
Pure silica based mesoporous materials have a number of intrinsic limitations. The mechanical 
and hydrothermal stability of the amorphous silica walls might cause problems in  certain 
applications and the silica surface is a non ideal support material for many inorganic oxides and 
other catalytic active functions, which will form clusters on the silica surface (coalescence) or 
will  dissolve in a liquid medium (leaching). Recent research efforts therefore focus on non-silica 
based or inorganic-organic hybrid materials. 

PERIODIC MESOPOROUS ORGANOSILICAS: VERSATILE MATERIALS 

The integration of organic functional groups into inorganic frameworks has led to the discovery of 
organic-inorganic hybrid materials with well-defined pore-structures and unique properties. These 
materials combine the structural characteristics of ordered mesoporous silica with the chemical 
functionality of organic groups. By fusing the properties of organic and inorganic building units within 
the same network an extremely versatile, robust and hydrothermally stable composite material is 
obtained. 
 
Periodic mesoporous organosilicas (PMOs) are developed as an answer to the need for ordered 
mesoporous materials with high organic content in which organic and inorganic building units are 

                                                   
1
 For a more extensive discussion, the reader is referred to : Pascal Van Der Voort, Carl Vercaemst, David Schaubroeck and Francis 

Verpoort, ñOrdered mesoporous materials at the beginning of the third millennium: new strategies to create hybrid and non-siliceous 

variantsò, Physical Chemistry and Chemical Physics (PCCP), (perspective article), 2008, in press (DOI : b707388g) 
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homogeneously dispersed throughout the network. These materials are synthesized via the direct 
condensation of bridged organosilanes (RôO)3Si-R-Si(ORô)3 in the presence of a structure-directing 
agent (SDA).  
 
The integration of organic bridges in the pore channel walls makes these organic-inorganic hybrid 
materials very unique. While having a high organic loading these materials can have very narrow 
pore size distributions, high specific surface areas, large pores, thick pore walls and large pore 
volumes. Furthermore, as the organic units are embedded in the channel walls, these functionalities 

are easily accessible for further modification.. By varying the reaction conditions, both the 
morphological and structural properties as the chemical and physical properties of these materials 
can be controlled. With these advantages and properties in mind, PMOs give way to a wide 
spectrum of applications in catalysis, adsorption chemistry, electronics, sensors and environmental 
technology. 
 

PMOs: material challenges and progresses 
 
The ability to control the chemistry within the channel walls as well as the typical material 
characteristics such as structure and morphology, offers scientists unlimited possibilities in 
developing materials with tailored properties. Dependent on the application, different demands will 
be made on PMOs. These can range from mechanical and hydrothermal stability to insulating 
properties. 
 
Heterogeneous catalysts and support materials 
PMOs are very promising materials for applications in catalysis, either directly as heterogeneous 
catalysts or indirectly as supports for homogeneous catalysts. Although the number of reports on 
catalytic applications is limited, these materials offer plenty of advantages over the common 
industrially applied microporous zeolites. The most obvious advantage is their pore sizes, which can 
be engineered from 2 - 30 nm, while retaining narrow pore size distributions. This broadens the 
applicability of PMOs as they can be employed both by petrochemical or refining companies as by 
pharmaceutical companies. Another important aspect in catalysis is the stability of the catalyst or the 
support. The hydrothermal stability of ordered mesoporous silicaôs, such as MCM-41 and MCM-48, 
is poor due to the hydrolysis of their thin pore walls (1 - 2 nm). Moreover, the hydrothermal stability 
of PMO materials is greatly enhanced due to the presence of organic units in the framework. 
Ethane-PMOs have been reported to withstand a 60-day boiling treatment, without any significant 
degradation

2
. 

 
 
 

 
Figure  1.  Synthesis procedure for PMOs. 
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Chromatography 
 
The very surface area, the almost unlimited control over the surface functionalities and the polarity of 
the surface, combined with the very narrowly distributed pore channels, make PMO materials very 
important candidates for a next generation of chromatographic packings, either as a film in capillary 
columns or as a monolith. Theoretically, it can be expected that the performance and the number of 
theoretical plates for LC and HPLC can be augmented using these materials to values that are close 
to the performance of GC colums.  For their use in chromatography however, it is highly desirable to 
obtain spherical particles with very narrow pore size distributions.  In Figure 2 we show a SEM-
picture of such spherical particles.  
 
 
Adsorbents and environmental technology 
 
The potential and applications of PMOôs for environmental technology will be discussed in a 
separated paper at this conference (Els de Canck) 

 
Low-k materials 
 
Due to their high organic content, easily controllable hydrophobicity and large pore volumes, PMO 
materials, under the form of thin films, are very suitable as low-k dielectrics. Besides the typical spin- 
and dip-coating methods, the EISA technique is especially suitable for the development of such 
PMO films. 
Brinker et al.

3
, the first group to apply the EISA approach, prepared ethane-PMO films, co-

condensed with varying concentrations of TEOS and further hydrophobized with 
hexamethyldisilazane. Capacitance measurements indicated a decrease in dielectric values with 
increasing organic content, illustrating the potential of PMOs as low-k dielectrics. 
 

ORDERED MESOPOROUS POLYMERS 

 
Only a few studies have appeared so far on the direct templated synthesis of ordered 
mesoporous polymers

4
. The choice of the polymer precursor is the key to the successful 

organization of the organic-organic mesostructures. The polymer precursor needs (1) to 
dissolve in the same medium as the surfactants, (2) to interact with the template molecules (3) 
to organize itself neatly around the template; (4) to further polymerize, preferably forming a rigid 

 
Fig. 2 SEM image of spherical particles to be used 

as chromatographic support material 



i-SUP2008 Innovation for Sustainable Production 
April 22-25, 2008, Bruges, Belgium 

Conference 1 

 36 

polymer structure, without losing the interaction with the template; and (5) the template then 
needs to be removed without destroying the polymer mesostructure.  
The choice of resol as a precursor has been the reason for success, the resol has a large number of 
hydroxyl groups that strongly interact with the triblock copolymer through the formation of hydrogen 
bonds. Simple thermopolymerization of resol at low temperatures (<150°C) around the triblock 
copolymer can yield a rigid zeolite-like hydrocarbon network with tri-connected benzene rings 
through the formation of covalent bonds. This feature makes the polymer stable enough to withstand 
a thermal treatment in an inert atmosphere at 350°C, which is sufficient to decompose the 
surfactant. If desired, the mesoporous polymer can withstand a thermal treatment in inert 
atmosphere up to 900°C, converting the mesoporous polymer into a mesoporous carbon structure. 
These mesoporous resol structures have, after a thermolysis process at 350°C, a specific 
surface area of app. 500-700 m²/g, a pore volume of 0.4 ï 0.6 ml/g and a narrow mesopore 
distribution around a pore radius of 2.5 nm. 
We believe that in the following decade, (a) a wide variety of ordered mesoporous polymer 
structures will be synthesized, containing all sorts of functional groups (resins containing e.g. 
styrene or amine functions fulfill the synthetic requirements) and (b) the range of applications of 
these polymers will expand towards support materials for heterogeneous catalysis and sensors. 
We are currently investigating these materials as a support material for VOx structures, and 
have solid proof that the leaching of the V-species in e.g. water is virtually zero, when anchored 
to the phenolic hydroxyl groups of the mesoporous resols. 
 
 
 

 

 

 

 

 

 

Figure 3: Overview of the synthesis of ordered mesoporous resol structures 

 
On the other hand, the carbonized resols form mesoporous ordered carbon, which is a perfect mall 
to synthesis high surface area metal oxides. The general principle of this ñexocastingò process is 
shown in Figure 4. 

 
Figure 4: principles of exocasting 

 
The use of carbon malls is a viable method for the synthesis of compositions that are difficult to 
prepare via direct surfactant templating. A range of porous metal oxides, including Al2O3, TiO2, 
ZrO2 and V2O5 has been prepared by this method

5
 with high thermal stability and often a 

crystalline framework.  
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CONCLUSIONS 

 
The research on the synthesis, characterization and applications of hybrid and non -siliceous 
ordered mesoporous materials is still in itôs infancy. Yet, it is a rapidly expanding and 
interdisciplinary research area, not only because of the beauty of the science and the materials, 
but also because of the almost unlimited range of possible applications.  
The preparation of ordered mesoporous materials is more laborous, more difficult and more 
expensive than preparing the non-ordered porous analogues; possible applications will therefore 
always reside in the high-tech area. Promising directions are heteregeneous (chiral) catalysis, 
high performance (enantioselective) chromatography and controlled drug delivery systems.  
In the coming decade, an important criterion will be whether and to which extent the obtained 
knowledge on these materials will be converted into actual technical applications.  
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Nano-sized oxide powders for UV applications  
 

, Daniel Nelis, Joke De Messemaeker, Dirk Van Genechten, Paul Stijn Put
Lippens, Yves Van Rompaey 

 
Inorganic ZnO, Rutile TiO2 and CeO2 powders are used as UV blocking compositions in paints, 
plastics, coatings, pigments and sunscreens. While these oxide powders absorb UV light efficiently, 
they also tend to catalyse the formation of super-oxide and hydroxyl radicals, which may initiate 
unwanted oxidation reactions. Such photo-oxidations may explain the ability of these oxides to 
degrade organic matter and, when present in sunscreens, cause DNA damage.  
 
The above problem was addressed by the development of new UV screening compositions by 
incorporating manganese or chromium in the oxide host lattice. More specifically, a highly advanced 
nanosized manganese-doped titanium oxide powder having a rutile crystal phase has been 
developed for cosmetic sunscreen applications. This sunscreen has following advantages compared 
to organic based sunscreens on the market today: (i) increased UVA protection (50% increase to the 
best sunscreen on the market), (ii) up to 6 hours protection and (iii) high transparency and (iv) a 
sunscreen that can be easily spread out. Umicore developed a gas phase synthesis process for 
producing this highly advanced special version of nano TiO2 with a particle size smaller than 100nm, 
a narrow particle size distribution and with very low trace metal contamination levels according to the 
pharmacopeia guidelines.  
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NANODISATION 
A new process for sealing nanoporous anodic alumina 

Van Overmeere Q.1, Godeau N.2, Langer L.3 and Proost J.1 

1 Division of Materials and Process Engineering, Université catholique de Louvain, Place Sainte-Barbe 2, B-

1348 Louvain-la-Neuve, Belgium; quentin.vanovermeere@uclouvain.be, Phone +32-10-47.94.08, Fax +32-10-
47.40.28 
2 Nanoxid sprl, B-1348 Louvain-la-Neuve, Belgium 
3 Matrio-Group SA, B-4042 Liers, Belgium 

INTRODUCTION 

 
Pure aluminium is known, when exposed to air, to spontaneously develop a self-healing oxide layer 
that confers to the metal exceptional anti-corrosion properties. However, in some environments, or 
when aluminium alloys are used, the corrosion resistance may be decreased, for instance, because 
of the presence of second phase precipitates leading to localized corrosion or grain boundary 
corrosion. To avoid the corrosion of aluminium and its alloys, one strategy is to increase the 
thickness of the protecting oxide layer from a few nanometres to several microns. The most used 
process allowing such an increase in thickness is anodic oxidation, in which the aluminium part is 
used as the anode of an electrochemical cell. Upon application of current in a suitable, conductive 
electrolyte, an oxide layer starts to grow. 
When an acidic electrolyte is used, anodic oxide growth proceeds in two steps :  the formation of a 
thin but dense barrier layer, followed by the growth of an ordered, nanoporous film, with cylindrical 
pores aligned along the thickness direction. From a manufacturing point of view, such a porous layer 
has two advantages. The first one is that the voltage drop caused by the oxide is limited, allowing 
the total layer thickness to reach several microns while the voltage drop remains constant at about 
20 V. The second advantage is that the anodic layer may be coloured by filling the pores with 
organic or inorganic dyes, or metallic salts. However, the disadvantage is that simply anodizing the 
aluminium does not result in a sufficient corrosion resistance, so that the pores also have to be 
sealed. Classically, this is done by immersing the anodized aluminium part in hot water, containing 
additives. On an industrial scale, this requires baths of hundreds of cubic meters of water, heated to 
about 95°C, which is both energy and water-consuming.  
In this work, we propose a more environmentally-friendly route compared to the classical hot water 
sealing of the anodic layer. The new process, called "nanodisation", is based on a sol-gel filling of 
the pores after the high-speed anodising process. The resistance to corrosion, ultra-violet (UV) and 
heat of this new system was evaluated and compared to state-of-the art, hot water sealed anodic 
coatings. This already allowed to validate the new process on a lab-scale. Currently, the approach is 
also being tested on a continuous pilot-line with optimised current density distribution. 

EXPERIMENTAL 

 
A 5005 aluminium alloy plate was degreased and anodized in sulphuric acid to produce a 1 µm thick 
oxide. Half of the samples were sealed classically in hot water with nickel salt additives. The other 
half were pistol-sprayed with Nanoxid ALU, a commercially available Si-based sol-gel, and the three-
dimensional network was formed at 150°C for 30 min. The total coating thickness was evaluated as 
2.1 µm, including the porous layer. The adherence of the layers was excellent (ASTM 3359). A SEM 
cross section of the system is shown in Figure 1. 

RESULTS 

 
The corrosion resistance of the samples was evaluated in a salt spray chamber for 20 days. The 
corrosion resistance of the sol-gel sealed anodic oxide was better than the classically sealed one. 
UV-resistance tests were also conducted for 1000 h (ISO 11341). The measured colour (ISO 2813) 
of the surface changed negligibly, see Figure 2. 
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Heat resistance tests were conducted for 1000 h at 150°C (ECCA-T13). The measured colour of the 
surface is represented on Figure 3 (L*-a*-b* space). The gloss of the surface was also measured 
during the test (DIN 67530) and is represented on Figure 4. It can be seen that there is a slight 
change in the measured b-value of the colour, and in the gloss value.  

 

 

Figure 2 - colour measurements versus time when sample was submitted to UV light 

 

1.2  

Figure 3 - colour measurements versus time when sample was heated at 150°C 

Figure 1 - SEM cross section of an aluminium anodized layer sealed by the Nanoxid ALU sol-gel 


