3

Physics of Interfaces

3.1 Introduction

The highlights in research and education of our group are intimately related to recent
progress in the various elds of di usion measurement, including PFG NMR, interference
and IR microscopy. Within the EC-sponsored project TROCAT, under our coordination,
nine groups from ve countries are jointly exploring the interrelation between molecular
di usion and conversion in heterogeneous catalysis. The so far attained results of both
fundamental and industrial relevance were unconceivable without this strong experimental
basis within the Magnetic Resonance Centre of our University. We are happy that theses
activities are continued within a Network of Excellence of the 6th frame programme of the
EC (INSIDE-PORES). With the special focus on di usion in zeolites, we initiated the es-
tablishment of an international (British/French/German) research group (\Internationale
Forschergruppe™), jointly sponsored by EPSRC, CNRS and DFG. The activities of this
group will be of particular bene t for the International Research Training Group (\Eu-
ropaisches Graduiertenkolleg™) dedicated to \Di usion in Porous Media", which started
to operate in summer term 2004 and comprises groups from our institute and from the
institutes of Theoretical Physics and of Chemical Technology of the Faculty of Chemistry
and Mineralogy), together with colleagues of the Universities of Amsterdam, Delft and
Eindhoven.

J. Karger

3.2 Fast Magnetic Resonance Imaging and
Velocimetry for Liquids under High Flow Rates

P. Galvosas, P.T. Callaghan

Some important properties of uids are best revealed under condition of ow. Examples
include viscosity, elasticity and non-linear dynamic response associated with ow-induced
structures. Another intriguing e ect is that associated with gradients in surface tension
induced by ow, for example where a surfactant migrates to the surface of a moving liquid.
This phenomenon is known as the Marangoni e ect [1].

Local velocity imaging using NMR [2] enables one to observe this migration and hence
the phenomena to which it leads. Indeed, the non-destructive nature of NMR involves
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Figure 3.1: Velocity distribution across a liquid jet of water (left) and water with 4 mM
lauryl sulfate (right). The distances from the output of the capillary are 0Omm ( ), 6 mm ( ),
12mm (O) and 18 mm ( ).

no perturbation to the ow. Moreover, NMR methods are applicable to non-transparent
liquids, in contrast with optical methods. In the experiment described here, a free jet
owing out of a vertical capillary at Reynolds numbers of up to 300 which implies max-
imum velocities of up to 0:6 m=s is investigated. The impact on the measurements due
to the resulting uctuations in the position of the jet may be greatly reduced using fast
imaging techniques combined with a pulsed gradient spin echo sequence [3]. The gures
below show velocity pro les at various distances from the output of the capillary for water
with and without surfactant. The in uence of the surfactant at the surface is clearly ob-
tained. To our knowledge, this is the rst investigation of the Marangoni e ect by means
of NMR.
This work is supported by the New Zealand Foundation for Research, Science and
Technology, the Royal Society of New Zealand Marsden Fund, and Centres of Research
Excellence Fund.

[1] C. Marangoni, Ann. Phys. 143, 337 (1871).

[2] P.T. Callaghan, \Principles of Nuclear Magnetic Resonance Microscopy", Oxford Uni-
versity Press, Oxford, (1991).

[3] T.W.J. Scheenen, D. van Dusschoten, P.A. de Jager, and H. Van As, J. Magn. Reson.
142, 207 (2000).

3.3 Molecular Tra c¢ Control in Porous
Nanoparticles

A. Brzank, G. Schutz

We investigate the conditions for reactivity enhancement of catalytic processes in porous
solids by use of molecular tra c control (MTC) as a function of reaction rate and grain
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Figure 3.2: REF system (left) with N = 3 channels and MTC system (right) of the the same
size. In contrast to the REF case, where we allow both types of particles (A and B particles) to
enter any channel, in the MTC system A particles are carried through the vertical channels
whereas the B particles di use along the horizontal channels. Black squares indicate catalytic
sites where a catalytic transformation A ¥ B is allowed.

size. Applying dynamic Monte-Carlo simulations and continuous-time random walk the-
ory we consider the NBK lattice model with a quadratic array of channels (Fig. 3.2)
modelling reaction di usion properties of MFL type zeolithes.

Our simulations [1{3] and analytical results [4, 5] describe the MTC e ect quantita-
tively over a wide range of parameters (Fig. 3.3). Moreover, trends which are independent
of model details have been identi ed by analytical calculations and lead to a more positive
result than concluded in [2] where no MTC e ect at all was reported for short intercon-
necting channels L = 1. For reasonable reactivities and channel lengths the MTC e ect
vanishes proportionally to 1=N, i.e., is inversely proportional to the grain diameter. This
was shown explicitly for a two-dimensional simulation model, but the reasoning that led
to this conclusion extends straightforwardly to a three-dimensional system [5]. Neverthe-
less, for optimized external process parameters the NBK model exhibits an enhancement
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Figure 3.3: Left: Ratio R(c) for di erent number of channels N and L = 2. R(c) is the output
current ratio between MTC and reference system as a function of reactivity. Right: Maximal
ratio R for di erent L



56 INSTITUTE FOR EXPERIMENTAL PHYSICS |

of the e ective reactivity of up to approx. 30% for small grains and any (even short)
channel length and reactivity c. This suggests that MTC may enhance signi cantly the
e ective reactivity in zeolitic nanoparticles with suitable binary channel systems and thus
may be of practical relevance in applications.
At present we focus on di erent geometries implementing the idea of MTC trying to
nd realisations which overcome the negative dependence of the MTC e ect as a function
of the grain size.

[1] J. Karger, P. Brauer, A. Neugebauer, Europhys. Lett. 53 (2001) 8.

[2] P. Brauer, A. Brzank, J. Karger, J. Phys. Chem. B 107 (2003) 1821.

[3] A. Brzank, G.M. Schutz, P. Brauer, and J. Karger, Phys. Rev. E 69 (2004) 031102.
[4] A. Brzank, G.M. Schutz, Catalysis Today (submitted).

[5] A. Brzank, Sungchul Kwon, Gunter Schutz, Di usion Fundamentals (submitted).

3.4 Investigations of Dynamical Processes and
Transport Phenomena in the Transition Region
Gasphase/Adsorbent by Molecular Dynamics
Simulations

A. Schuring , S. Vasenkov, S. Fritzsche
Institut fur Theoretische Physik

Molecular dynamics simulations are applied to study the in uence of crystal boundaries
on the overall di usional transport of molecules in nanoporous crystals. Boundary e ects
are expected to be of importance if the crystals are small, i.e. if the ratio of surface to
volume is high. This is the case e.g. in catalysis, where relatively small crystals are used,
and, furthermore, in currently developed hierarchically ordered porous materials [1] which
enable a fast transport of molecules to the active crystals through a mesoporous channel
system.

First investigations concentrated on a novel boundary e ect observed in Monte-Carlo
simulations [2, 3]. Under the conditions of single- le di usion the concentration pro les of
exchanged particles deviate from those observed for normal di usion (see Fig. 3.4). At the
boundaries, the degree of exchange is higher for single- le di usion compared to normal
di usion while it is lower inside the channel. This corresponds to a faster di usion at the
crystal boundaries. We explain this with two di uion mechanisms occuring in parallel [4].
Future calculations will consider the dependence of system parameters such as the self-
di usion coe cient, the permeability of the barrier and the sticking probability on the
properties of the potential energy of the partiles in the crystal.

[1] Y. Tao and H. Kanoh, J. Am. Chem. Soc. (2003).

[2] P.H. Nelson and S.M. Auerbach, J. Chem. Phys. 110, 9235 (1999).

[3] S. Vasenkov and J. Karger, Phys. Rev. E 66, 0526011 (2002).

[4] A. Schuring, S. Vasenkov and S. Fritzsche, J. Phys. Chem. B, submitted (2005).
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Figure 3.4: Concentration of exchanged particles along the one-dimensional channel.

3.5 Tortuosity Measurements on Formulated
Catalyst Samples by PFG NMR

F. Stallmach, S. Crone
BASF AG Ludwigshafen, Germany

Pulsed eld gradient nuclear magnetic resonance (PFG NMR) monitors averaged molec-
ular displacements (r.m.s. displacements) and the self-di usion coe cients of the guest
molecules in porous materials on time scales, which - depending of the nuclear relaxation
times - typically range from a few milliseconds up to seconds. PFG NMR may be used to
determine geometric pore structure parameters and contributes to clarify the transport
mechanisms of the guest molecules in the porous materials.

In cooperation with the BASF AG we successfully developed and applied a PFG NMR
method to selectively measure the tortuosity ( ) of the transport pores in formulated
catalyst particles [1]. It is based on measurements of liquid saturated catalyst particles
and the comparison of the self-di usion coe cients in the catalysts D, and the bulk Dy:

_ Do
= 5.

Examples for typical measurement results obtained with uid saturated formulated
catalysts are shown in Fig. 3.5. The catalysts consist of porous zirconium oxid and are used
for dehydration reactions [2]. The time dependencies of the mean square displacements of
water and cyclooctane, which are used to probe the pore space of the two catalysts, are
shown and compared to the corresponding values of the bulk uids. The parallel shifts
of the plotted lines, which are a direct consequence of the tortuosity , may be used to
distinguish between di erent catalyst specimens.

1: (3.1)

[1] F. Stallmach, Habilitation thesis, University of Leipzig (2004).
[2] S. Crone, BASF AG, Private communications (2003/2004).
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Figure 3.5: Time-dependence of the mean square displacement of water and cyclooctane in
bulk and in two catalyst samples. In this log-log plot the parallel shift of the lines represents
the tortuosity which is calculated using Eqg. (3.1).

3.6 NMR Studies of Water Balance in Concretes
with Internal Post-Curing

K. Friedemann, F. Stallmach, J. Karger

In the ongoing project \Water balance in high performance concretes during internal post-
curing with innovative additives" supported by the DFG (Ka953/17-1), the water balance,
the pore water self-di usion and the transverse relaxation time T, in hardening cements
of di erent compositions are investigated [1]. The total content of physically (capillary)
bound water, its di usivity and its transverse relaxation time are critical parameters for
internal post-curing processes of cements. They are measured non-destructively by NMR
di usometry and relaxometry, respectively, in order to clarify the mechanism of internal
post-curing by additives with temporary delayed release of water.

By CPMG NMR studies of the T, relaxation time, which yield qualitatively equivalent
information on pore size of these materials as destructive mercury intrusion porosime-
try [2], we monitor the amount of physically bound water in the sample, the onset
and the progress of hydration (compare also Sect. 3.8) and address tendencies with re-
spect to the nal pore size under di erent post-curing conditions. Spatially resolved
PFG NMR di usion studies are used to determine the self-di usion coe cient of the
physically bound water in di erent sample locations and to monitor the water transi-
tion from the materials added as internal water source for post-curing of the cement
matrix.

As an example, Fig. 3.6 shows the water transition from a small alginate sphere (di-
ameter about 3mm) [3], which contains initially 98 weight-% of water, into a cement
matrix with an initial water-cement-ratio of 0.30. The NMR signal intensity at the
position of the alginate sphere decreases with increasing hydration time, which means
that water is transferred from the alginate to the surrounding cement matrix. The dif-
fusion of this water through the cement matrix is fast, so that there is no built-up of
a water concentration gradient. This fast di usion is con rmed by PFG NMR yielding
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Figure 3.6: Water content of a small alginate sphere imbedded in a cement matrix. The release
of water from the alginate with increasing hydration time is shown.

self-di usion coe cients for the physically bound water, which decrease with increasing
hydration time but which are never smaller than 1 10 **m?s ! during the rst 40
hours of hydration [1].

[1] K. Friedemann, F. Stallmach, J. Karger, NMR-Untersuchungen an hydratisierenden
Zementen, LACER 9: Leipzig, 345-349 (2004).

[2] S. Sharma, F. Casanova, W. Wache, A. Segre, B. Blumich, Magnetic Resonance Imag-
ing 21, 249-255 (2003).

[3] N. Nestle, Habilitation thesis, University of Leipzig, 2002.

3.7 NMR Di usion Studies Using Magic Pulsed Field
Gradient Ratios with Ultra-High Intensity Field
Gradients

P. Galvosas, F. Stallmach, J. Karger

By evaluating the spin echo attenuation for a generalized 13-interval PFG NMR se-
quence [1] consisting of pulsed eld gradients with four di erent e ective intensities (FP"
and GP™), magic pulsed eld gradient (MPFG) ratios for the prepare (GP=FP) and the
read (G"=F") interval are derived, which suppress the cross term between background
eld gradients and the pulsed eld gradients even in the cases where the background
eld gradients may change during the z-store interval of the pulse sequence [2]. These
MPFG ratios depend only on the timing of the pulsed gradients in the pulse sequence and
allow a convenient experimental approach to background gradient suppression in NMR
di usion studies with heterogeneous systems, where the local properties of the (internal)
background gradients are often unknown. If the pulsed eld gradients are centered in the
-intervals between the and 5 rf pulses, these two MPFG ratios coincide to
szr - ) 1 2#
=——=1 8 1+- - : (3.2)
FPr 3

The predicted suppression of the unwanted cross terms was demonstrated experimen-
tally using time-dependent external gradients which are controlled in the NMR experiment
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Figure 3.7: Example for the pulsed gradient pattern in the generalized 13-interval sequence.
The height ratio of the pulsed gradients (F - and G-) drawn and their polarities satisfy the magic
pulsed eld gradient ratio of Eq. (3.2) for =3 , which yields an MPFG ratio of F -=G- = 6:714
(details see ref. [2]).

as well as spatially dependent internal background gradients generated by the magnetic
properties of the sample itself [2].

Fig. 3.7 shows an example for the experimental realization of magic pulsed eld gra-
dient ratios. For the special cases considered in Eq. (3.2), the required MPFG ratio are
always in the range of 5 7. Thus, such experiments are preferentially per-
formed on NMR spectrometers equipped with ultra-high intensity pulsed eld gradient
capabilities [3].

This work will be continued and applied for projects in the DFG supported Interna-
tional Research Training Group \Di usion in Porous Materials".

[1] R.M. Cotts et al., J. Magn. Reson. 83, 252 (1989).

[2] P. Galvosas, F. Stallmach, J. Karger, J. Magn. Reson. 166, 164 (2004).

[3] P. Galvosas, F. Stallmach, G. Sei ert, J. Karger, U. Kaess, G. Majer, J. Magn. Reson.
151, 260 (2001).

3.8 NMR and Electrical Resistivity Studies on
Self-Hardening Bentonite-Cement Suspensions
Used as Geotechnical Barrier Material

W. Schoenfelder , C. Flechsig , F. Stallmach
Institut of Geophysics and Geology, University of Leipzig

Cement bentonite cut-o walls are used for the containment of polluted sites or of old un-
controlled waste land lls. The back Il material more frequently used is the self-hardening
cement bentonite mixture, which allows a single phase operation of trench excavations,

Iling and support of the trench sides. In order to prevent risks to the environment, it is
very important to be able to assess hydraulic properties of such walls.

In the frame of a diploma thesis [1], we explored the capabilities of geoelectrical resistiv-
ity studies, of low- eld NMR relaxometry and PFG NMR di usometry [2] to characterize
the water mobility and pore structure parameters of such bentonite-cement suspensions
(BCS). Fig. 3.8 (left) shows the change of the transverse (T;) relaxation time distribution
in such a sample during hardening. From the values of the relaxation times and the ar-
eas under these distributions one can conclude that { even after 57 days of hardening {
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Figure 3.8: Transverse (T») relaxation time distribution of a self-hardening bentonite-cement
suspension (BCS) during the rst 57 days of hardening (left) and time-dependence self-di usion
coe cient in two BCS with di erent initial water content (right).

the majority of the water is still only physically (capillary) bound and not xed on clay
minerals or silicate hydrates. Nevertheless, the di usivities of this water are by up to 4
orders of magnitude reduced compared to the self-di usion coe cient of the free water
and decrease slightly with increasing di usion time (see Fig. 3.8, right).

Together with the time-dependent electrical resistivity studies, which show an increase
of electrical resistance during hardening, these NMR results will enter into an advanced
pore structure model of the BCS which shall predict hydraulic transport properties of
such barrier materials from NMR and electrical properties. This work is continued and
currently supported by the DFG via the International Research Training Group \Di usion
in porous materials™.

[1] W. Schonfelder, Diploma thesis, University of Leipzig (2004).
[2] F. Stallmach, Habilitation thesis, University of Leipzig (2004).

3.9 Adsorption Hysteresis Probed by NMR
Spectroscopy

R. Valiullin, P. Kortunov, J. Karger

Phase transitions taking place in con ned space often display speci c¢ features as com-
pared to those in the bulk state. One of such challenging examples is the adsorption
hysteresis in mesoporous materials, the origin of which is still controversially discussed
in the literature. In the present work, this problem is experimentally addressed with
the aid of nuclear magnetic resonance (NMR) spectroscopy, that allowed to follow the
details of molecular dynamics in mesopores in region of the adsorption hysteresis [1, 2].
Importantly, dependence of the e ective self-di usion coe cient De¢s Of intraporous lig-
uid on the gas pressure was found to exhibit a hysteretic behaviour similar to that for
the adsorption isotherm. In Fig. 3.9 typical experimental data referring to cyclohexane
adsorption in VVycor porous glass are shown. Further investigations of the adsorbate state
in pores on microscopical level using the NMR technique may signi cantly contribute to
understanding the hysteresis phenomena under mesoscopic con nements.
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Figure 3.9: The pore lling factor (circles) and the self-di usion coe cients Dess (triangles)
for cyclohexane in Vycor porous glass as a function of the relative vapour pressure z measured
on the adsorption (open symbols) and the desorption ( lled symbols) branches.

This work is supported by the Alexander von Humboldt Foundation.

[1] R. Valiullin, P. Kortunov, J. Karger, V. Timoshenko, J. Chem. Phys. 120, 11804
(2004).

[2] J. Karger, R. Valiullin, S. Vasenkov, New J. Phys. 7, 15 (2004).

[3] R. Valiullin, P. Kortunov, J. Karger, V. Timoshenko, Magn. Reson. Imaging, in press
(2005).

[4] R. Valiullin, P. Kortunov, J. Karger, V. Timoshenko, J. Phys. Chem. B, in press
(2005).

3.10 Transport Optimization of FCC Catalysts in the
Framework of the EC Project \TROCAT"

P. Kortunov, S. Vasenkov, D. Freude, J. Karger

This project addresses the problem of nding the routes of the production of uid catalytic
cracking (FCC) catalysts, which lead to improved catalytic performance due to optimiza-
tion of the transport of reactants and products in these materials. The project consortium
includes the University of Athens, CEPSA (Madrid), Grace (Worms), the Heyrovsky In-
stitute Prague, SINTEF (Oslo) and the Stuttgart University. Recent progress in the area
of the pulsed eld gradient technique of nuclear magnetic resonance (PFG NMR) has
made possible the direct observation of molecular migration (di usion) in microporous
catalysts. In the TROCAT project this technique is used to overcome one of the main
shortcomings in the optimization of FCC catalyst, i.e. the lack of the optimization with
respect to the transport properties.

PFG NMR in combination with classical uptake techniques has been applied to study
molecular di usion in the reference and modi ed FCC catalysts and in the samples of
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reference and modi ed zeolite Y. This zeolite represents the most important, catalyti-
cally active part of FCC formulated catalysts. Investigations of transport properties of
the samples were complemented by the characterization of their catalytic and structural
properties. The project activities were focused on deactivated (by steaming and by poi-
soning metals) catalysts. The properties of such catalysts are of primary importance for
re neries because they re ect the catalyst properties under typical operating conditions.
The results obtained by the consortium have been used to elucidate the relevance of var-
ious modes of molecular transport, which are associated with di erent types of pores in
catalyst particles, on the rate of molecular exchange between catalyst particles and their
surroundings. Typically, each particle of a formulated FCC catalyst possesses a complex
system of pores consisting of micropores located in zeolite crystals and of macro- and
mesopores located in the so-called \matrix', which surrounds the crystals. It turned out
that for large molecules (in particular for n-octane or still larger n-alkanes) the rate of
molecular exchange between catalyst particles and their surroundings, which in many
cases determines the overall rate and selectivity of the FCC process, is primarily related
to the di usion for displacements larger than the size of the zeolite crystals located in
the particles but smaller than the size of the particles. Under conditions of such di u-
sion fast molecular exchange between the zeolite crystals and the surrounding macro- and
mesopores can be expected. The di usivity associated with this di usion mode (i.e. intra-
particle di usivity) may be satisfactorily described as a product of the fraction of guest
molecules in the macro- and mesopores of the catalyst particles and their di usivities.
Hence, intraparticle di usivity does not directly depend on the di usion coe cient in mi-
cropores of zeolite crystals (i.e. intracrystalline di usivity). This new knowledge allowed
us to optimize the transport properties of catalyst particles without changing the zeolitic
part of the particles. The latter part is mostly responsible for chemical transformations
and can be considered as being optimized already with respect to these transformations.
The project results suggest that the intraparticle di usivity can be increased by making
the following parameters larger: (i) the macro- and mesoporosity of catalyst particles;
(ii) the macro- and mesopore connectivity; and (iii) the mean size of macro- and meso-
pores. Using the route (iii) the consortium has prepared modi ed catalysts showing better
catalytic performance as well as higher intraparticle di usivities in comparison to the ref-
erence samples. The results outlined above demonstrate that the transport optimization
of FCC catalysts can be based on scienti ¢ rather than on the conventional \try and see"
approach. The experimental e ort has been supported on all stages of the project by
simulations of transport in model FCC catalysts.

3.11 Di usion in Fluid Catalytic Cracking Catalysts
on Various Displacement Scales and Its Role in
Catalytic Performance

P. Kortunov, S. Vasenkov, J. Karger

Recent progress in the area of pulsed eld gradient (PFG) NMR technique has made
possible the direct measurement of di usivities in industrial FCC catalysts on various
displacement scales. This is demonstrated in [1]. The recorded di usivities are used to
evaluate the relevance of various transport modes in the particles of FCC catalysts, such
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as di usion in the micropores of the zeolite crystals located in the particles, di usion
through the surface layer of these crystals and di usion in the meso- and macropores
of the particles, for the rate of molecular exchange between catalyst particles and the
surrounding atmosphere. Our results show that for guest molecules which are at least as
large as n-octane this rate is primarily determined by the coe cient of intraparticle di u-
sion. This di usion coe cient may be satisfactorily described as a product of the fraction
of guest molecules in the meso- and macropores of the particles and their di usivities.
Hence, intraparticle di usivity does not directly depend on the di usion coe cient in the
micropores of the zeolite crystals (i.e. on the intracrystalline di usivity). In the present
work we have directly demonstrated that the intraparticle di usivity may be increased
by increasing the mean size of the macropores in the particles. This opens a possibility
to optimize the transport properties of catalysts without changing the zeolitic part of
the catalyst particles. The latter part is mostly responsible for chemical transformations
and can be considered as being optimized already with respect to these transformations.
This work has been done under coordination of Leipzig University, Germany in the frame-
work of the \TROCAT" project (contract G5RD-CT-2001-00520), which is funded by the
European Community under the \Competitive and Sustainable Growth" Programme.

zeolite crystals
containing micropores

“matrix” containing
meso- and macropores

Figure 3.10: Schematic presentation of a particle of a typical FCC catalyst. The winding lines
on the right side schematically show trajectories of the guest molecules.

[1] P. Kortunov, S. Vasenkov, J. Karger, M. Fe El a, M. Perez, M. Stocker, G.K. Pa-
padopoulos, D. Theodorou, B. Drescher, G. McElhiney, B. Bernauer, V. Krystl, M.
Kocirik, A. Zikanova, H. Jirglova, C. Berger, R. Glaser, J. Weitkamp, E.W. Hansen,
Di usion in Fluid Catalytic Cracking Catalysts on Various Displacement Scales and
Its Role in Catalytic Performance, Chem. Mater. 2005, in press






