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The Zero Length Column (ZLC) and the Tracer ZLC (TZLC) methods yield the limiting
transport diffusivities and the (tracer exchange) self-diffusivities that can be compared
directly to microscopic techniques, such as PFG NMR and QENS, without the need for
thermodynamic correction factors. Under appropriate experimental conditions it will be
possible to measure also single-component adsorption isotherms. With the attained diffusivity
data during the first period first important contributions have been made towards a database
of diffusion results as an invaluable tool for the development of the understanding of
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2. State of the Art, Own Activities in the Field

2.1. State of the Art

The introduction of the ZLC technique in the late 80s by Eic and Ruthven [1, 2] offered an
elegant and powerful method of macroscopic diffusion measurement with the exclusion of
corruption by external transport resistances (like the so-called bed [3, 4] and valve [3, 5-7]
effects) and the finite rate of heat release [3, 4, 8].

As the main result of the work within the first period of the application, with particular
contributions by the ZLC technique , molecular transport in zeolites has been found to be
subject to a hierarchy of transport resistances. As a consequence, for different observation
scales different types of resistances, including genuine intracrystalline diffusion,
intracrystalline barriers and surface barriers, may become dominant. As one of the central
challenges for the second period of applications it has to be demonstrated that these various
transport limitations are in a consistent way revealed by the different measuring techniques.
ZL.C may be affected by both intracrystalline and extracrystalline transport resistances and
represents measuring conditions which are closest to the technical application. Supplying, in
addition, the consortium with the inevitable equilibrium data of adsorption, this technique
assumes a very central position within the consortium.

As illustrated in the General Introduction, the large variety of diffusion-related problems
emerging in the literature of the last few years insistently points to the incessantly increasing
relevance of the topic. These studies include sophisticated theoretical approaches [9-17] in
need of their proof by adequately reliable experiments, challenging technological projects
based on aspects of zeolitic diffusion [18-23], novel principles of diffusion measurement [24-
27], diffusion anomalies [28-35] and an overwhelming number of "new" systems to be
investigated [36-47], with the inherent risk of new misinterpretations as long as the "old"
problems are still unsolved. As a part of this general tendency, the ZLC technique develops to
a more and more popular method [42, 45, 48-53], in particular owing to the easy features of
its application [2, 54, 55]. Most recently, the ZLC method has also been applied to trace
surface modification of zeolite ZSM-5 [56].

2.2. Own Activities in the First Period

The activities during the first period included methodological developments to make the
range of chain lengths of the n-alkanes for ZLC diffusion studies with zeolites as large as
possible, following one of the central issues of the research group. The success of these
efforts is best documented for zeolite NaCaA where diffusion measurements for the whole
homologous series from n-hexane till n-tetradecane could be performed [57]. Among others,
the methodological progress in the measurements is based on the inclusion of back-pressure
regulation to stabilize the flux to the flame ionization detector applied for analysing the ZLC
efflux.

In complete agreement with the other techniques of the group, the steep decay of the
diffusivities with increasing loading has been found to be stopped - if not even reversed - at
chain lengths of about eight to ten hydrocarbons [58-60]. In contrast to the behaviour with
NaCaA, for MFI-type zeolites the diffusivities were found to decrease monotonically over the
whole range of chain lengths [61, 62], similarly as - so far mainly observed by PFG NMR - in
zeolite NaX[63]. This tendency may be correlated with the fact that zeolite LTA disposes of a
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pore structure with pronounced windows between the individual cages [64] which neither in
MFI nor in zeolite NaX do exist in such a prominent way. Obviously, in a pronounced cage
structure, with increasing chain lengths molecular propagation may again become faster, if
there is a tendency that the molecules prefer to reside with their chain ends in adjacent cages
rather than in one and the same.

As a general tendency of all these measurements, in both NaCaA and MFI the macroscopic
diffusivities were found to be smaller than the corresponding microscopic techniques. As a
crucial experiment for exploring the origin of this difference, partial-loading experiments
have been performed [57, 65]. For all considered systems, molecular desorption after "partial
loading” was observed to fade initially at a much higher rate than to be observed after final
equilibration. This indicates a non-uniform sorbate concentration over the crystallites at
partial loading so that, at least for the thus investigated systems, a dominating influence of
surface barriers can be excluded. Hence, the most plausible explanation of the observed
difference between the macroscopic and microscopic measurements were the existence of
internal barriers with spacings too large to be observed by QENS and on the limit to be traced
by PFG NMR [66-70].

Further diffusion-related activities during the first period of application were devoted to the
establishment of a novel measuring principle for diffusion in nanoporous materials based on
the interference of sound propagation and molecular migration[71, 72] and to the evaluation
of pressure cycling technologies [73].

3. Issues and Work Programme

3.1. Issues

The work of this project is devoted to the determination of the diffusivities resulting from
ZLC experiments, i.e. of macroscopically measured self-diffusivities by TZLC and
macroscopically measured limiting transport diffusivities by standard ZLC, for comparison
with the diffusivities of comparable systems obtained by the other techniques available in the
consortium. Following the outcome of previous studies, during the first period of the
application also the systematic comparison of different techniques for n-alkane diffusion in
zeolites NaA and silicalite-1 led to the result that generally the macroscopically determined
diffusivities were notably smaller than the microscopic data. Since, on the other hand, partial
loading experiments with selected samples exclude a dominating influence of surface barriers,
the diffusivities appearing from the ZLC studies have to be referred to the influence of
internal transport barriers. The quantification of these barriers in zeolites NaCaA and
silicalite-1 (as well as their consideration in NaX) in accordance with the output of all the
other techniques will be in the very centre of the future activities.

Further, again in agreement with the consortium partners, ZLC measurements will as well be
performed with the special zeolite types ferrierite and MFI which - differing from the so far
considered three-dimensional pore network - offer the option of diffusion measurement in
lower dimensions. Since crystal specimens of ideal habit - if at all -will only be available in
rather small amounts (down to a few crystals only, which were already sufficient for IR and
interference microscopy) ZLC, which, as the most sensitive macroscopic technique being able
to operate with a few milligrams only, is particularly suited for such studies. Particular care is
given to attain such experimental conditions, including loading and temperature as well as the
nature (size, composition) and the pre-treatment conditions (activation, deterioration) of the
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zeolite samples, which allow direct comparison with or, at least, extrapolation to the results of
the other techniques. Following the procedure of tracer ZLC measurements, the technique
shall be further developed to observe counter-diffusion phenomena

In parallel to these activities and complementing the information provided from project 2 on
adsorption isotherms and from project 7 on thermodynamic factors, experiments under low
flow rate conditions will be carried out to measure adsorption isotherms. They are needed for
both zeolite characterization and for an interpretation of the correlation between (genuine)
equilibrium and non-equilibrium diffusivities.

3.2.  Working Programme

After development and completion of the device for ZLC and tracer ZLC measurement and
confirmation of its performance by first systematic studies of the chain-length dependences of
the n-alkane diffusivities in NaCaA and ZSM-5/silicalite-1, the application of the technique
shall be optimized with respect to a maximum output of possibilities to correlate the results
with those of other techniques within the consortium. This concerns in particular the
following types of zeolites.

3.2.1. LTA

As one of the most intriguing results obtained during the first period of support, for n-alkanes
in zeolite NaCaA notable deviations from a monotonic dependence of the diffusivities on the
chain length has been observed [59, 74], in particular in the range from 7 to 12 carbon atoms.
Upgrading and confirmation of this finding is among the main activities of the consortium,
under particular emphasis of the macroscopic techniques, in order to discriminate up to which
degree the observed tendencies are masked by surface resistances or comply with them.
Hence, measurements with crystallites of deliberately varied surface properties are of
particular relevance. Since - on the other hand - the findings of ZLC experiments with partial
loading point to internal mass resistances rather than to surface barriers as the main reason for
the differences between microscopic and macroscopic techniques, the confirmation and
quantification of assumption requires particular care. As a part of this issue, it has to be
clarified why all so far applied techniques (QENS, PFG NMR and ZLC) reveal different
patterns (and chain lengths) for the deviations from a monotonic decrease of the diffusivities
with increasing chain lengths.

Further on, diffusion studies shall be performed with sub-critical methanol vapor. Methanol in
NaCaA was the first system, in which intracrystalline transport diffusion could directly be
observed via interference microscopy [75, 76]. Moreover, due to the presence of the bivalent
calcium ions in the zeolite bulk phase, the intracrystalline diffusivity of methanol as a polar
molecule may be expected to be additionally slowed down, which might provide the option of
reducing the relative influence of surface barriers.

Just contrary to that, in cation-free LTA a dramatic enhancement of the intracrystalline
diffusivity should be observed. This should in particular concern the polar methanol
molecules, so that their diffusivities should get closer to those of methane and ethane, as has
been found already by preliminary PFG NMR studies [77]. In turn, owing to the enhanced
intracrystalline diffusivities, better options for a detailed study of possible surface barriers are
provided. Whether the relevant gravimetric studies may in fact be performed depends on the
amount of cation-free LTA (and the crystal sizes) emerging from the efforts in zeolite
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synthesis.

Methodological developments towards an application of ZLC to multicomponent diffusion
studies shall include measurements of mixtures of small chain length (ethane, propane) and
large chain length (n-hexane) n-alkanes. Following both the general predictions of irreversible
thermodynamics [3] and the application of the Maxwell-Stefan formalism to zeolites [78, 79]
in this case correlation between the single- and two-component diffusivities can be expected
to be mainly mediated by the thermodynamic factor rather than by micro-kinetic correlations.

3.2.2. Silicalite-1/ZSM-5

In contrast to zeolite NaCaA, the diffusivity of the n-alkanes in MFI-type zeolites was found
to decrease monotonically with increasing chain length [62, 64]. There exist, however, studies
by molecular modelling which, similarly as with zeolite NaCaA, predict oscillating
diffusivities with (further) increasing chain lengths [9, 12, 21, 80]. Hence, further activities of
the consortium shall be devoted to an enhancement of the range of chain lengths so far
considered.

Most importantly, the ZLC experiments with n-alkanes in MFI-type zeolites of the first period
revealed an even much more pronounced reduction of the diffusivities in comparison with the
microscopic technigues than observed with NaCaA. Since again the partial loading
experiments point to internal mass resistances rather than to surface barriers as the origin of
these differences, the confirmation and quantification of this assumption requires particular
care. The much stronger effect in comparsion with NaCaA is in agreement with the finding of
PFG NMR studies, where for ZSM-5/silicalite-1 pronounced indications of such barriers have
been observed, while so far there are only first tentative indications for the existence of such
barriers in zeolite NaCaA (see section 3.1.1 of project 6).

Again, the existence and quantification of possible surface barriers shall be in the focus of the
studies. The evidence of such studies depends on the comparability of the measuring
conditions of both the macroscopic and microscopic techniques. The latter ones notably
improve with increasing temperatures so that it is vital to perform the measurements with the
all-silica representative silicalite-1, to reduce the option of unwanted cracking reactions as
observed with ZSM-5 [64].

In comparison with the n-alkanes, diffusion of branched n-alkanes and aromatics is notably
reduced. While in the case of isobutane, still essentially all techniques of diffusion
measurement are applicable (including PFG NMR with the option of MAS), the diffusion of
longer iso-alkanes and the aromatics shall most likely be accessible by only the macroscopic
techniques and IR- and interference miocroscopy. Both the practical impact of such studies
and the option to directly trace the influence of compatibility (*commensurabilty") of channel
architecture and molecular shape on diffusion [81-85] make such studies highly desirable.

In contrast to NaCaA, multicomponent diffusion studies with mixtures of small chain length
(ethane, propane) and large chain length (n-hexane) n-alkanes should reveal correlations
between single-component and multicomponent diffusion on the one hand, and between
transport and self-diffusion on the other, which include the influence of both (equilibrium)
thermodynamics and molecular kinetics. Following either irreversible thermodynamics [3] or
its extension by the Maxwell-Stefan formalism [78, 79], the influence of microkinetics, in
addition to the omnipresent influence of the "thermodynamic factor"”, on the correlation
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between the different diffusivities may be rationalized as a consequence of the mutual
hindrance of the molecules during propagation in the intersecting channels of the pore system.
By contrast, in zeolite NaCaA molecular propagation is controlled by jumps between
adsorption sites (cavities) where - at least for not too high loadings - the jumps of different
molecules occur independently from each other.

3.2.3. NaX

Among the nanoporous materials considered so far, the large-pore zeolite NaX allows PFG
NMR and QENS measurements over the largest spectrum of guest molecules, including in
particular n-alkanes, branched alkanes, aromatics and methanol. Most interestingly, in
previous studies only with methanol as a guest molecule [86, 87] macroscopic and
microscopic studies revealed satisfactory agreement, while - by contrast - for benzene/toluene
discrepancies of up to two orders of magnitude have been observed [88]. With increasing
loading, however, the observed difference (increasing TZLC data, decreasing PFG NMR
data) was notably reduced. The reconsideration of this problem, in particular for
toluene/benzene as standard molecules of previous studies [3, 89-92], under particular
reconsideration of the respective concentration dependencies, and for the n-alkanes, is among
the key issues of this project.

3.2.4. Ferrierite

The ZLC and TZLC techniques shall be essentially the only macroscopic methods which are
definitely scheduled to be applied for diffusion studies with ferrierite. This is due to the fact
that the ferrierite crystals offering unprecedented options for diffusion measurement by
interference microscopy will probably not be available in amounts necessary for the
application of the other macroscopic techniques. As a particular structural feature, the so far
synthesized specimens dispose of 8-membered ring channels which are accessible on both
crystal sides, while the entrance to the larger (10-membered ring) channels are on both sides
blocked. With methanol as a guest molecule, these crystals have proven to be excellent
candidates for separately determining surface barriers and intracrystalline (transport)
diffusivities over the total range of concentrations, so that the investigation of the interplay of
intracrystalline diffusion and surface resistances by a macrsocopic technique is an attractive
task for the future. Moreover, if the efforts of the synthesis groups to find routes to a
deliberate variation of the accessibility to the two different types of channels shall be
successful, ferrierite may as well turn out as an ideal model host for the investigation of
single-file diffusion (via switching the accessibility from the small to the large channels) [93]
and for molecular traffic control [94-96].

3.2.5. AIPO4-5

So far, clear and unambiguous experimental evidence on the occurrence of pure one-
dimensional zeolitic diffusion in general, and of single-file diffusion in particular, is missing
[93]. While in transient experiments one-dimensional (including single-file) diffusion does
not yield any peculiarities in comparison with multi-dimensional diffusion, the situation is
completely different in self-diffusion and counter-diffusion experiments. In addition, 1D host
systems provide ideal conditions for the application of interference and IR microscopy which
have been shown to provide the most direct evidence on intracrystalline transport phenomena.
Though it is aspired that zeolite specimens with 1D channel structure, suitable for IR and
interference microscopy studies, are provided in such an amount which would allow
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gravimetric measurements with the identical material, the attempts may fail and in this case
the (T)ZLC technigue would again be the only applicable macroscopic technique. Moreover,
for special surface preparations (T)ZLC shall turn out to be the method of choice among the
macroscopic techniques, owing to its easy use, its versatility and the extremely modest
requirement (down to milligrams) of zeolite material to be applied.

3.3. References

[1] M. Eic, D. M. Ruthven, A New Experimental Technique for Measurement of Intracrystalline Diffusivity,
Zeolites 8 (1988) 40-45.

[2] D. M. Ruthven, S. Brandani, Measurement of Diffusion in Porous Solids by Zero Length Column (ZLC)
Methods, in: Recent Advances in Gas Separation by Microporous Ceramic Membranes, (N. K.
Kanellopoulos, Eds.), Elsevier, Amsterdam, 2000, p. 187-212.

[3] J. Kérger, D. M. Ruthven, Diffusion in Zeolites and Other Microporous Solids, Wiley & Sons, New York,
1992,

[4] D. Prinz, L. Riekert, Observation of Rates of Sorption and Diffusion in Zeolite Crystals at Constant
Temperature and Pressure, Ber. Bunsenges. Phys. Chem. 90 (1986) 413-420.

[5] S. Brandani, Analysis of the Piezometric Method for the Study of Diffusion in Microporous Solids:
Isothermal Case, Adsorption 4 (1998) 17-24.

[6] M. Bulow, A. Micke, Determination of Transport Coefficients in Microporous Solids, Adsorption 1 (1995)
29-48.

[71 M. Bilow, A. Micke, Comparison of Macroscopic Transient Methods to Determine Transport Coefficients
for Sorption Systems, Z. Phys. Chem. 189 (1995) 195-210.

[8] D. M. Ruthven, L. K. Lee, H. Yucel, Kinetics of Non-Isothermal Sorption in Molecular Sieve Crystals,
AIChE J. 26 (1980) 16-23.

[9] E. Beerdsen, D. Dubbeldam, B. Smit, Understanding diffusion in nanoporous materials, Phys. Rev. Lett.
96 (2006) Art. No. 044501.

[10] M. O. Coppens, V. lyengar, Testing the consistency of the Maxwell-Stefan formulation when predicting
self-diffusion in zeolites with strong adsorption sites, Nanotechnology 16 (2005) S442-S448.

[11] R. C. Deka, R. Vetrivel, Developing the molecular modelling of diffusion in zeolites as a high throughput
catalyst screening technique, Comb. Chem. High Throughput Screen 6 (2003) 1-9.

[12] D. Dubbeldam, E. Beerdsen, S. Calero, B. Smit, Dynamically corrected transition state theory calculations
of self-diffusion in anisotropic nanoporous materials, J. Phys. Chem. B 110 (2006) 3164-3172.

[13] D. Dubbeldam, E. Beerdsen, T. J. H. Vlugt, B. Smit, Molecular simulation of loading-dependent diffusion
in nanoporous materials using extended dynamically corrected transition state theory, J. Chem. Phys. 122
(2005) Art. No. 2247.

[14] H. Jobic, D. N. Theodorou, Diffusion of long n-alkanes in silicalite. A comparison between neutron
scattering experiments and hierarchical simulation results, J. Phys. Chem. B 110 (2006) 1964-1967.

[15] R. Krishna, J. M. van Baten, Kinetic Monte Carlo Simulations of the loading dependence of diffusion in
zeolites, Chem. Eng. Technol. 28 (2005) 160-167.

[16] H. Ramanan, S. M. Auerbach, M. Tsapatsis, Predicting benzene fluxes in NaX membranes from atomistic
simulations of cooperative diffusivities, J. Phys. Chem. B 108 (2004) 17179-17187.

[17] S. Jakobtorweihen, M. G. Verbeek, C. P. Lowe, F. J. Keil, B. Smit, Understanding the loading dependence
of self-diffusion in carbon nanotubes, Phys. Rev. Lett. 95 (2005) Art. No. 044501.

[18] M. Al-Sabawi, J. A. Atias, H. de Lasa, Kinetic modeling of catalytic cracking of gas oil feedstocks:
Reaction and diffusion phenomena, Ind. Eng. Chem. Res. 45 (2006) 1583-1593.

[19] G. Arora, S. I. Sandler, Air separation by single wall carbon nanotubes: Mass transport and kinetic
selectivity, J. Chem. Phys. 124 (2006) Art. No. 084702.

[20] H. B. Chen, D. S. Sholl, Predictions of selectivity and flux for CH4/H-2 separations using single walled
carbon nanotubes as membranes, J. Membr. Sci. 269 (2006) 152-160.

[21] T.L. M. Maesen, E. Beerdsen, S. Calero, D. Dubbeldam, B. Smit, Understanding cage effects in the n-
alkane conversion on zeolites, J. Catal. 237 (2006) 278-290.

[22] U. Miiller, M. Schubert, F. Teich, H. Puetter, K. Schierle-Arndt, J. Pastré, Metal-organic frameworks -
prospective industrial applications, J. Mater. Chem. 16 (2006) 626-636.

[23] Y. Schuurman, C. Delattre, I. Pitault, J. P. Reymond, M. Forissier, Effect of coke deposition on transport
and sorption in FCC catalysts studied by temporal analysis of products, Chem. Eng. Sci. 60 (2005) 1007-
1017.

Project 3, page 8



[24] Y. S. Cheng, Q. L. Huang, M. Eic, B. J. Balcom, CO2 dynamic adsorption/desorption on zeolite 5A
studied by C-13 magnetic resonance imaging, Langmuir 21 (2005) 4376-4381.

[25] M. Nori, S. Brandani, A simplified model for acoustic measurement of diffusion in microporous solids,
Adsorption 11 (2005) 433-436.

[26] Y. Wang, M. D. Levan, New developments in flow-through apparatus for measurement of adsorption
mass-transfer rates by frequency response method, Adsorption 11 (2005) 409-414.

[27] S. H. Kim, O. Byl, J.-C. Liu, J. K. Johnson, J. T. Yates, Spectroscopic measurement of diffusion kinetics
through subnanometer and larger AI203 particles by a new method: the interaction of 2-chloroethylethyl
sulfide with Al203, J. Phys. Chem. B 110 (2006) 9204-9210.

[28] M. A. Snyder, D. G. Vlachos, Molecular sieve valves driven by adsorbate-adsorbate interactions:
Hysteresis in permeation of microporous membranes, J. Chem. Phys. 122 (2005) Art. No. 184707.

[29] H. Ramanan, S. M. Auerbach, M. Tsapatsis, Beyond lattice models of activated transport in zeolites: High-
temperature molecular dynamics of self-diffusion and cooperative diffusion of benzene in NaX, J. Phys.
Chem. B 108 (2004) 17171-17178.

[30] A. V. A. Kumar, S. K. Bhatia, Mechanisms influencing levitation and the scaling laws in nanopores:
Oscillator model theory, J. Phys. Chem. B 110 (2006) 3109-3113.

[31] A. V. A. Kumar, S. Yashonath, G. Ananthakrishna, Separation of mixtures at nano length scales: Blow
torch and levitation effect, J. Phys. Chem. B 110 (2006) 3835-3840.

[32] P. K. Ghorai, S. Yashonath, Levitation effect: Distinguishing anomalous from linear regime of guests
sorbed in zeolites through the decay of intermediate scattering function and wavevector dependence of
self-diffusivity, J. Phys. Chem. B 109 (2005) 3979-3983.

[33] G. Terranova, C. M. Aldao, H. O. Martin, Window effect in a discretized model for diffusion of a chain in
one dimension, Phys. Rev. E 71 (2005) Art. No. 0211032.

[34] R. Tsekov, E. Evstatieva, Resonant diffusion on modulated surfaces, Advances in Colloid and Interface
Science 114 (2005) 159-164.

[35] P. Demontis, G. Stara, G. B. Suffritti, Molecular dynamics simulation of anomalous diffusion of one-
dimensional water molecule chains in Li-ABW zeolite, Microporous Mesoporous Mater. 86 (2005) 166-
175.

[36] H. M. Alsyouri, J. Y. S. Lin, Gas diffusion and microstructural properties of ordered mesoporous silica
fibers, J. Phys. Chem. B 109 (2005) 13623-13629.

[37] S. Anandan, M. Okazaki, Dynamics, flow motion and nanopore effect of molecules present in the MCM-
41 nanopores - An overview, Microporous Mesoporous Mater. 87 (2005) 77-92.

[38] J. Becker, A. Comotti, R. Simonultti, P. Sozzani, K. Saalwachter, Molecular motion of isolated linear
alkanes in nanochannels, J. Phys. Chem. B 109 (2005) 23285-23294.

[39] H. B. Chen, J. K. Johnson, D. S. Sholl, Transport diffusion of gases is rapid in flexible carbon nanotubes,
J. Phys. Chem. B 110 (2006) 1971-1975.

[40] A. Cvetkovic, C. Picioreanu, A. J. J. Straathof, R. Krishna, L. A. M. van der Wielen, Quantification of
binary diffusion in protein crystals, J. Phys. Chem. B 109 (2005) 10561-10566.

[41] P. Demontis, L. A. Fenu, G. B. Suffritti, Understanding diffusion in confined systems: Methane in a ZK4
molecular sieve. A molecular dynamics simulation study, J. Phys. Chem. B 109 (2005) 18081-18087.

[42] V. T. Hoang, Q. L. Huang, A. Malekian, M. Eic, T. O. Do, S. Kaliaguine, Diffusion characterization of a
novel mesoporous zeolitic material, Adsorption 11 (2005) 421-426.

[43] V. T.Hoang, Q. L. Huang, M. Eic, T. O. Do, S. Kaliaguine, Structure and diffusion characterization of
SBA-15 materials, Langmuir 21 (2005) 2051-2057.

[44] B. Palmieri, D. Ronis, Diffusion in channeled structures. Il. Systems with large energy barriers, J. Phys.
Chem. B 109 (2005) 21334-21341.

[45] S. Z. Qiao, S. K. Bhatia, Diffusion of n-decane in mesoporous MCM-41 silicas, Microporous Mesoporous
Mater. 86 (2005) 112-123.

[46] C. G. Sonwane, Q. Li, Structure and transport properties of nanostructured materials, J. Phys. Chem. B 109
(2005) 5691-5699.

[47] J. Szczygiel, B. Szyja, Computer simulated diffusion of C-7 hydrocarbons in microporous materials:
Molecular modeling, Microporous Mesoporous Mater. 83 (2005) 85-93.

[48] M. Jiang, M. Eic, Transport properties of ethane, butanes and their binary mixtures in MFI-type zeolite and
zeolite-membrane samples, Adsorption-J. Int. Adsorpt. Soc. 9 (2003) 225-234.

[49] P.S. Barcia, J. A. C. Silva, A. E. Rodrigues, Adsorption equilibrium and kinetics of branched hexane
isomers in pellets of BETA zeolite, Microporous Mesoporous Mater. 79 (2005) 145-163.

[50] C. L. Cavalcante, N. M. Silva, E. F. Souza-Aguiar, E. V. Sobrinho, Diffusion of paraffins in dealuminated
Y mesoporous molecular sieve, Adsorption 9 (2003) 205-212.

Project 3, page 9



[51] C. A. Grande, A. E. Rodrigues, Adsorption kinetics of propane and propylene in zeolite 4A, Chemical
Engineering Research & Design 82 (2004) 1604-1612.

[52] S. F.Zaman, K. F. Loughlin, S. S. Al-Khattaf, Kinetics of desorption of 1,3-diisopropylbenzene and 1,3,5-
triisopropylbenzene. 1. Diffusion in Y-zeolite crystals by the zero-length-column method, Ind. Eng. Chem.
Res. 44 (2005) 2027-2035.

[53] W. Zhu, A. Malekian, M. Eic, F. Kapteijn, J. A. Moulijn, Concentration-dependent diffusion of isobutane
in silicalite-1 studied with the ZLC technique, Chem. Eng. Sci. 59 (2004) 3827-3835.

[54] S. Brandani, D. M. Ruthven, Analysis of ZL.C Desorption Curves for Liquid Systems, Chem. Eng. Sci. 50
(1995) 2055-2059.

[55] S. Brandani, X. Z., D. M. Ruthven, Effects of Nonlinear Equilibrium on Zero Length Column
Experiments, Microporous Mater. 53 (1998) 2791-2798.

[56] W. L. Duncan, K. P. Moller, Diffusion in surface modified ZSM-5 studied using the ZL.C method,
Adsorption 11 (2005) 259-273.

[57] A. Gunadi, S. Brandani, Diffusion of linear paraffins in NaCaA studied by the ZL.C method, Microporous
Mesoporous Mater. 90 (2006) 278-283.

[58] H. Jobic, S. Brandani, J. Caro, X. Yang, J. Kérger, C. Krause, A. Mdller, R. Staudt, D. B. Shah, A
concerted diffusion study of n-alkanes in zeolite NaCaA, in: Proceedings 18. Deutsche Zeolith-Tagung, (A.
Schneider, M. Wark, P. Behrens, J. C. Buhl, J. Caro, U. von Gemmingen, Eds.), DECHEMA, Hannover,
2006, p. 231-232.

[59] H. Jobic, J. Kérger, C. Krause, S. Brandani, A. Gunadi, A. Methivier, G. Ehlers, B. Farago, W. Haeussler,
D. M. Ruthven, Diffusivities of n-alkanes in 5A zeolite measured by neutron spin echo, pulsed-field
gradient NMR, and zero length column techniques, Adsorption 11 (2005) 403-407.

[60] S. Brandani, J. Caro, H. Jobic, C. Krause, J. Kérger, A. Méller, D. Ruthven, R. Staudt, X. Yang, A
remarkable non-monotonical chain-length dependence: diffusion of n-alkanes in zeolites LTA, in:
Diffusion Fundamentals, (J. Kérger, F. Grinberg, P. Heitjans, Eds.), Leipziger Universitatsverlag, Leipzig,
2005, p. 432-433.

[61] S. Brandani, A. Gunadi, V. Bourdin, H. Jobic, J. Kérger, C. Krause, M. Krutyeva, D. B. Shah, W. Schmidt,
Benefit and problems of the application of different techniques of diffusion measurement: n-alkanes in
zeolites ZSM-5 and silicalite-1, in: Proceedings 18. Deutsche Zeolith-Tagung, (A. Schneider, M. Wark, P.
Behrens, J. C. Buhl, J. Caro, U. von Gemmingen, Eds.), DECHEMA, Hannover, 2006, p. 229-230.

[62] V. Bourdin, S. Brandani, A. Gunadi, H. Jobic, C. Krause, J. Karger, W. Schmidt, Diffusion of n-alkanes in
MFI-type zeolites: a comparative study with different measuring techniques, in: Diffusion Fundamentals,
(J. Kérger, F. Grinberg, P. Heitjans, Eds.), Leipziger Universitatsverlag, Leipzig, 2005, p. 430-431.

[63] J. Kérger, H. Pfeifer, M. Rauscher, A. Walter, Self-Diffusion of n-Paraffins in NaX Zeolite, J. Chem. Soc.
Faraday Trans. | 76 (1980) 717-737.

[64] H. Jobic, W. Schmidt, C. Krause, J. Kérger, PFG NMR and QENS diffusion studies of n-alkane
homologues in MFI-type zeolites, Microporous Mesoporous Mater. 90 (2006) 299-306.

[65] S. Brandani, The partial loading ZLC Experiment, in: Proceedings 4th Pacific Basin Conference on
Adsorption Science and TechnologyEds.), 2006,

[66] S. Vasenkov, J. Kérger, Evidence for the existence of intracrystalline transport barriers in MFI-type
zeolites: a model consistency check using MC simulations, Microporous Mesoporous Mater. 55 (2002)
139-145.

[67] S. Vasenkov, W. Béhlmann, P. Galvosas, O. Geier, H. Liu, J. Kérger, PFG NMR Study of Diffusion in
MFI-Type Zeolites: Evidence of the Existence of Intracrystalline Transport Barriers, J. Phys. Chem. B. 105
(2001) 5922-5927.

[68] H. Paoli, A. Methivier, H. Jobic, C. Krause, H. Pfeifer, F. Stallmach, J. Kérger, Comparative QENS and
PFG NMR diffusion studies of water in zeolite NaCaA, Microporous Mesoporous Mater. 55 (2002) 147-
158.

[69] Z. Adem, F. Guenneau, M. A. Springuel-Huet, A. Gedeon, Evidence of subdomains in large crystals of
NaX zeolite, in: Diffusion Fundamentals, (J. Kéarger, F. Grinberg, P. Heitjans, Eds.), Leipziger
Universitéatsverlag, Leipzig, 2005, p. 424-425.

[70] H. Takaba, A. Yamamoto, K. Hayamizu, S. I. Nakao, Gas diffusion in polycrystalline MFI-type zeolite
membranes, in: Diffusion Fundamentals, (J. Karger, F. Grinberg, P. Heitjans, Eds.), Leipziger
Universitatsverlag, Leipzig, 2005, p. 476-477.

[71] M. Nori, S. Brandani, A simplified model for acoustic measurement of diffusion in microporous solids,
Adsorption 11 (2005) 433-435.

[72] M. Nori, S. Brandani, A model of sound propagation in the presence of microporus solids, in: Fluid
transport in nanoporous materials, (C. W. Conner, J. Fraissard, Eds.), Springer, Amsterdam, 2006, p. 629-
637.

Project 3, page 10



[73] H. Ahn, S. Brandani, A new numerical method for accurate simulation of fast cyclic adsorption processes,
Adsorption 11 (2005) 113-122.

[74] H. Jobic, A. Methivier, G. Ehlers, B. Farago, W. Haeussler, Accelerated diffusion of long-chain alkanes
between nanosized cavities, Angew. Chem. Int. Ed. 43 (2004) 364-366.

[75] U. Schemmert, J. Kérger, C. Krause, R. A. Rakoczy, J. Weitkamp, Monitoring the Evolution of
Intracrystalline Concentration, Europhys. Lett. 46 (1999) 204-210.

[76] U.Schemmert, J. Kérger, J. Weitkamp, Interference Microscopy as a Technique for Directly Measuring
Intracrystalline Transport Diffusion in Zeolites, Microporous Mesoporous Mater. 32 (1999) 101-110.

[77] A. Corma, J. Kérger, C. Krause, PFG NMR Measurement of Molecular Diffusion in Cation-Free Zeolites
of Type LTA, in: Diffusion Fundamentals, (J. Kérger, F. Grinberg, P. Heitjans, Eds.), Leipziger
Universitatsverlag, Leipzig, 2005, p. 438 - 439.

[78] R. Krishna, J. M. van Baten, Diffusion of alkane mixtures in zeolites: Validating the Maxwell-Stefan
formulation using MD simulations, J. Phys. Chem. B 109 (2005) 6386-6396.

[79] R. Krishna, J. M. van Baten, Describing binary mixture diffusion in carbon nanotubes with the Maxwell-
Stefan equations. An investigation using molecular dynamics simulations, Ind. Eng. Chem. Res. 45 (2006)
2084-2093.

[80] O. Talu, S. Sun, D. B. Shah, Application of single-crystal membrane (SCM) technique: diffusion of C5-
C10 hydrocarbons in silicalite, AIChE J. 44 (1998) 681-694.

[81] L.J. Song, L. V. C. Rees, Adsorption and Diffusion of Cyclic Hydrocarbon in MFI-Type Zeolites Studied
by Gravimetric and Frequency-Response Techniques, Microporous Mesoporous Mater. 6 (2000) 301-314.

[82] A. Jentys, H. Tanaka, J. A. Lercher, Surface processes during sorption of aromatic molecules on medium
pore Zeolites, J. Phys. Chem. B 109 (2005) 2254-2261.

[83] H. Tanaka, S. Zheng, A. Jentys, J. A. Lercher, Kinetic processes during sorption and diffusion of aromatic
molecules on medium pore zeolites studied by time resolved IR spectroscopy, Stud. Surf. Sci. Catal. 142
(2002) 16109.

[84] A. Jentys, R. R. Mukti, J. A. Lercher, On the sticking probability of aromatic molecules on zeolites,
comment on the paper by Simon et al., J. Phys. Chem. B 2005, 109, 13523-13528, J. Phys. Chem. B
(2006).

[85] S. Brandani, M. Jama, D. Ruthven, Diffusion, Self-Diffusion and Counter-Diffusion of Benzene and p-
Xylene in Silicalite, Microporous Mesoporous Mater. 6 (2000) 283-300.

[86] S. Brandani, D. M. Ruthven, J. K&rger, Concentration Dependence of Self-Diffusivity of Methanol in NaX
Zeolite Crystals, Zeolites 15 (1995) 494-495.

[87] P. Grenier, F. Meunier, P. G. Gray, J. Karger, Z. Xu, D. M. Ruthven, Diffusion of Methanol in Nax
Crystals - Comparison of Ir, ZIC, and PFG-NMR Measurements, Zeolites 14 (1994) 242-249.

[88] S. Brandani, Z. Xu, D. Ruthven, Transport diffusion and self-diffusion of benzene in NaX and CaX zeolite
crystals studied by ZL C and tracer ZLC methods, Microporous Mesoporous Mater. 7 (1996) 323-331.

[89] J. Kérger, D. M. Ruthven, Diffusion and Adsorption in Porous Solids, in: Handbook of Porous Solids, (F.
Schiith, K. S. W. Sing, J. Weitkamp, Eds.), Wiley-VCH, Weinheim, 2002, p. 2089-2173.

[90] J. Kérger, D. M. Ruthven, On the Comparison between Macroscopic and NMR Measurements of
Intracrystalline Diffusion in Zeolites, Zeolites 9 (1989) 267-281.

[91] J. Kérger, D. M. Ruthven, Diffusion in Zeolites, J. Chem. Soc. Faraday Trans. | 77 (1981) 1485-1496.

[92] D. M. Ruthven, M. F. M. Post, Diffusion in Zeolite Molecular Sieves, in: Introduction to Zeolite Science
and Practice, (H. van Bekkum, E. M. Flanigen, J. C. Jansen, Eds.), Elsevier, Amsterdam, 2001, p. 525-
578.

[93] J. Kérger, R. Valiullin, S. Vasenkov, Molecular dynamics under confinement to one-dimension: options of
measurement and accessible information, New Journal of Physics 7 (2005) Art. No. 15.

[94] P. Bréuer, A. Brzank, J. Karger, Two-component desorption from anisotropic pore networks, J. Chem.
Phys. 124 (2006) Art. No. 034713.

[95] A. Brzank, G. M. Schiitz, Molecular traffic control in porous nanoparticles, Appl. Catal. A: General 288
(2005) 194-202.

[96] A. Brzank, G. M. Schutz, P. Brauer, J. Kérger, Molecular traffic control in single-file networks with fast
catalysts, Phys. Rev. E 69 (2004) Art. No. 031101.

Project 3, page 11



4. Financial Support
secured by EPSRC

5. Requirements for the Success of the Application

5.1. Team Members

a) Dr. Stefano Brandani (applicant)
b) PhD student

5.2  Cooperation with Other Scientists
The primary partners of cooperation are the members of the consortium.

5.3. Available Equipment

e Two ZLC systems with FID and TCD detectors
e Two quadrupole mass spectrometers for tracer and multicomponent experiments

5.4.  Support from Own Budget
Full support is sought from the EPSRC.

5.5.  Further Prerequisites

Laboratory space will be made available and training for the PhD student provided. The
infrastructure at UCL will provide for access to data-networks and computer systems.

6. Signature

London, June 19, 2006

Prof. Dr. Stefano Brandani

Project 3, page 12



	Project 3: ZLC and Tracer(T)-ZLC Diffusion Studies with Zeolites
	 1. General Information
	1.1. Applicant
	1.2. Topic
	1.7.  Total Period of Support
	1.8. Summary

	2. State of the Art, Own Activities in the Field
	2.1. State of the Art 
	2.2. Own Activities in the First Period

	3. Issues and Work Programme
	3.1. Issues
	3.2. Working Programme
	3.2.1. LTA
	3.2.2. Silicalite-1/ZSM-5
	3.2.3. NaX
	3.2.4. Ferrierite
	 3.2.5. AlPO4-5

	3.3. References

	 4. Financial Support  
	5. Requirements for the Success of the Application
	5.1. Team Members
	5.2 Cooperation with Other Scientists
	5.3. Available Equipment
	5.4. Support from Own Budget
	5.5. Further Prerequisites

	6. Signature

