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Abstract

A new method to determine the surface permeability of nanoporous particles is proposed. It is based on the comparison of experi-
mental data on tracer exchange and intracrystalline molecular mean square displacements as obtained by the PFG NMR tracer desorp-
tion technique with the corresponding solutions of the diffusion equation via dynamical Monte Carlo simulations. The method is found
to be particularly sensitive in the ‘‘intermediate’’ regime, when the influence of intracrystalline diffusion and surface resistances of the
nanoporous crystal on molecular transport are comparable and the conventional method fails. As an example, the surface permeabilities
of two samples of zeolite NaCaA with different crystal sizes are determined with methane, as a probe molecule, at room temperature.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Numerous technological processes in the industry of
mass separation and conversion are based on the applica-
tion of nanoporous materials, in particular of zeolites [1],
as molecular sieves [2] and catalysts [3], respectively. In
many cases, the performance of these processes is deter-
mined by the rate of molecular exchange between the nano-
porous particles (the zeolite crystallites) and their
surroundings. Pulsed field gradient NMR (often also
referred to as pulsed gradient spin echo (PGSE) NMR)
has proven to be an invaluable tool for exploring the intrin-
sic transport properties of such systems [4,5].

Representing the probability distribution of molecular
displacements as a function of the time, the ‘‘propagator’’
representation [6] provides a straightforward means to dis-
criminate between the rate of mass transfer within the crys-
tallites (‘‘intracrystalline’’ diffusion) and through the
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crystallite assemblages (‘‘long-range’’ diffusion, sometimes
referred to as ‘‘intraparticle’’ diffusion if the individual crys-
tallites are compacted—often by means of some binder—to
catalyst/adsorbent particles [7]). The coefficient of long-
range diffusion may be shown [8,9] to result as the product
of the relative amount of molecules in the intercrystalline
space and their diffusivity. Under the precondition that
the long-range diffusivity notably exceeds the intracrystal-
line diffusivity, the propagator may easily be separated into
two constituents: a narrow one representing the displace-
ments of those molecules which, after the given observation
time t, have not yet left their crystallites, and a broad one
(notably exceeding the crystal size) which is brought about
by those molecules which, during t, have left the crystallites
where they have resided at the beginning. The relative
intensities of these two constituents (i.e. their space inte-
grals) are directly proportional to the corresponding num-
bers of molecules. This means in particular that, on varying
the observation time t of the PFG NMR experiment, the
respective relative intensities of the broad constituent rep-
resents nothing else than the values of the tracer exchange
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curve c(t) for the considered observation times [10,11].
Tracer exchange curves represent the relative amount of
labelled molecules which, having been initially inside the
crystallites, are, after time t, found outside in the initially
unlabelled surroundings. In contrast to the conventional
way of attaining tracer exchange curves by applying, e.g.,
isotopes [12], the ‘‘NMR’’ tracer desorption technique
operates in milliseconds till seconds. In [13] this option
has for the first time been used to estimate the intensity
of transport resistances on the surface of the individual
crystallites (‘‘surface barriers’’). This estimate is based on
the fact that exchange curves c(t) are most conveniently
analysed in terms of the first statistical moment [14]

sex ¼
Z 1

t¼0

ð1� cðtÞÞdt ð1Þ

which is easily rationalized as the time constant of molecu-
lar exchange, i.e. the mean life time of a molecule in the
interior of a given crystallite. As a particular advantage
of the moments method [9,14–16], the resulting first mo-
ment may be shown to be simply the sum of the first mo-
ment of each process possibly contributing to the overall
behaviour. Since exchange curves are known to be rather
insensitive to the particle shape, for simplifying the further
analysis the crystallites are assumed to be spheres of radius
R. Then, solution of the respective equations of mass trans-
port [9,14–16] yields the simple relation:

sex ¼
R2

15D0

þ R
3a

ð2Þ

where D0 denotes the intracrystalline diffusivity and a
stands for the permeability of the crystal surface, the reci-
procal value of which is a measure of the intensity of the
surface barrier. The surface permeability is defined by the
relation [17–19]:

j ¼ aðCsurf � C0Þ ð3Þ

where j is the flux density through the crystal surface, C0

the concentration in the crystal which would be established
in equilibrium with the surrounding atmosphere and Csurf

the actual concentration close to surface.
The intracrystalline diffusivity may be directly deter-

mined by PFG NMR with sufficiently small observation
times, so that any disturbance by surface effects may be
estimated [20] by application of the Mitra–Sen formalism
[21] or neglected at all. Hence, with the determined value
of D0 and the mean life time sex resulting from the NMR
tracer desorption curve via Eqs. (1) and (2) may be rear-
ranged to yield, for a given value of R, the surface
permeability.

Obviously, this way of analysis is trustworthy if the sec-
ond term on the right-hand side of Eq. (2) turns out to
notably exceed the first one, namely, for barrier-controlled
molecular exchange. As soon, however, as both contribu-
tions are comparable (or, even worse, for molecular
exchange controlled by intracrystalline diffusion) one has
to take into consideration that uncertainties of a factor
of two for both sex (variation of the observation time often
fails to cover the total range of integration in Eq. (1)) and
R2/15D0 (due to dispersion in the crystal size) are not
unlikely, so that the second term of the right-hand side of
Eq. (2) may turn out to be the difference between two
equally large quantities with a big uncertainty. Such a sit-
uation would notably complicate if not even prevent to
determine the surface permeability in the conventional
manner. In the present communication we present a novel
option to quantitate surface resistances by means of PFG
NMR which is particularly sensitive under such conditions,
where intracrystalline diffusion and surface resistance are
of comparable influence on the overall transport behav-
iour, i.e. if the two terms on the right-hand side of Eq.
(2) are of equal order.

2. Conception and simulation

The conventional way of estimating surface permeabili-
ties by means of the PFG NMR technique has been
sketched in Section 1. It is based on a comparison of the
rate of molecular exchange between the intra- and inter-
crystalline space in an ‘‘NMR tracer desorption experi-
ment’’ [10] with the genuine intracrystalline diffusivities.
Surface resistances, i.e. the reciprocal values of the surface
permeability, are obviously the larger, the more the exper-
imentally observed exchange rates are exceeded by their
estimates solely based on the intracrystalline diffusivities.

In the present communication we follow another corre-
lation. We investigate the interdependence between the rel-
ative amount of molecules c(t) that during the time interval
t have left their crystallites, and the mean square displace-
ment Ær2(t)æ of the molecules that have remained within the
crystallites during this very time interval. For this purpose,
we consider a time interval t during which a fixed fraction
of the molecules, e.g. 50% (which means c(t) = 0.5), have
left their crystallites. The mean square displacement of
the molecules remaining in the crystal may obviously be
expected to be the larger, the larger are the surface resis-
tances they have to overcome on leaving the crystallites.
This is intuitively anticipated by realising that, in compar-
ison with an infinitely extended crystallite, the mean square
displacement in a finite crystallite is the more reduced, the
more frequently the diffusing molecules are reflected by the
crystallite surface as a consequence of a reduced surface
permeability. We may expect therefore that, for a given rel-
ative amount c of molecules having exchanged with the sur-
roundings, the mean square displacement of those still
residing in one and the same crystallite is the smaller the
larger are the transport barriers on the crystal surface.

The quantitation of this correlation may, in principle, be
based on the solution of the diffusion equation with the rel-
evant boundary conditions. The quantity directly accessible
by the PFG NMR experiments, the mean square displace-
ment, results from twofold integration over space, namely
over all possible starting and final points of the molecular
trajectories. Thus it is inherent to the considered type of
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PFG NMR experiment that the solution of the diffusion
equation has to be provided for any possible starting point
within the crystals. Complications possibly arising from
such a situation may be avoided by numerical consider-
ations based on dynamic Monte Carlo simulations which
we have used in the present study. Our estimates are based
on simulations in a three-dimensional square lattice. It
shall be demonstrated that extension to different shapes
of the particle (spherical and cubic) does not significantly
affect the obtained correlations.

In the simulations, we operate with the unit step length a

and the unit time s between two subsequent steps on a
cubic lattice of sites of extension La · La · La. Each (of
the six possible) step directions is selected with equal prob-
ability. Without the confinement by the lattice boundary,
i.e. for either lattice sizes L sufficiently large or step num-
bers n = t/s sufficiently small, the mean square displace-
ment follows the Einstein relation

hr2ðtÞi ¼ 6D0t ð4Þ

with the self-diffusivity D0 = a2/(6s). Also for diffusants on
boundary sites all six step directions are selected with equal
probability. If, however, the step direction has been chosen
to lead out of the lattice (i.e. out of the crystal), this step is
only performed with probability p. Otherwise, i.e. with
probability 1 � p, the diffusant remains on the given site
over a further time interval s.

For correlating this probability p with the surface per-
meability as introduced by Eq. (3) one has to realize that
tracer exchange experiments follow the desorption behav-
iour of molecules initially located in an arbitrarily selected
crystal. The probability that a molecule after desorption
will again enter this initial crystal is assumed to be negligi-
bly small. In the PFG NMR experiment this situation is
ensured by the requirement that the long-range diffusivity
significantly exceeds the intracrystalline diffusivity. There-
fore, with Eq. (3), the flux j of molecules out of the crystal
is simply equal to the product aCsurf of surface permeability
and concentration. Within our model, and using Fick’s first
law, this flux may also be easily represented by the relation

j ¼ pD0

Csurf

a
ð5Þ

where Csurf/a represents the concentration gradient be-
tween inside the crystal and outside (resulting from the
respective concentrations Csurf and 0 at distance a), and
the diffusivity is reduced by an additional factor p since
jump rates out of the lattice are reduced by this very factor
in comparison with those within the lattice. Equating Eqs.
(3) and (5) (with C0 = 0), we thus obtain

a ¼ pD0

a
ð6Þ

We should recollect that we have chosen the dynamic
Monte Carlo simulations as a convenient way to solve
the corresponding diffusion equation, including the options
of an easy variation of the boundary conditions with
respect to their geometry and nature. This means, however,
that the introduced step length a is of no physical relevance
at all. As a consequence, variation of the step length a must
not affect the results of our simulations with respect to the
relevant physical quantities, namely the (self-)diffusivity D

and the surface permeability a. In view of Eq. (6) this
means in particular, that within our model a variation of
the step length a has to be associated with the correspond-
ing change in the jump probability p out of the lattice. This
requirement of self-consistency shall be shown to be ful-
filled in our simulations.

The quantities determined in our simulations are the rela-
tive numbers of molecules Nrem(t)/N0 still remaining inside
the crystal after a time interval t (”1 � c(t), with c(t) denoting
the above introduced tracer desorption curve c(t)) and their
normalized effective diffusivity D(t)/D0, which, via Eq. (4),
coincides with the ratio between the mean square displace-
ment of those molecules that are still within the crystal, Ær2(t),
and the mean square displacement that they would experi-
ence in an infinitely extended crystal, 6D0t.

In a typical PFG NMR experiment, under the condi-
tions of gas phase adsorption, the molecules are evenly dis-
tributed over the crystallites, while their concentration is
negligibly small in the gas phase. Hence, the determination
of Ær2(t)æ via the diffusion equation implies its solution with
each point within the crystal chosen as the location of its
initial concentration and subsequent integration over all
starting points. In analogy to Eq. (4), for the unrestricted
space, the PFG NMR measurements may be represented
by an effective diffusivity Deff defined by the equation
Ær2(t)æ = 6Defft. In the dynamic MC simulations this is sim-
ply achieved by a completely random selection of the start-
ing point of the diffusant.

Fig. 1 displays the results of our simulations. The con-
juncture of the curves at D/D0 = Nrem/N0 = 0 and 1,
respectively, is easy to rationalize. For enabling compari-
son between different particle shapes, an effective particle
radius has been introduced. For a three-dimensional lattice
the effective particle radius is defined as three times the par-
ticle volume divided by its surface, 3V/S, and coincides
with the topological radius for spheres and half of the edge
length for cubes. Considering the two terms of Eq. (2), the
simulation parameter aR/5D0 is easily identified as the
ratio of the time constants which would result in the limit-
ing cases of diffusion- and barrier-limited exchange, respec-
tively. Obviously, for each individual curve, time starts on
top right and tends to infinity on bottom left. This means
that for Nrem/N0 = 1 (top right) a negligibly small number
of molecules has experienced the restriction by the surface
so that their mean square displacement is still as if observed
in the unrestricted space. By contrast, on bottom left, suf-
ficiently large time has to have elapsed so that the displace-
ments in the unrestricted space would have dramatically
exceeded those of the molecules still within the crystal
(since those are clearly limited by the crystal size). Let us
now consider a certain fraction Nrem/N0 between 0 and 1.
As expected, the corresponding values D/D0 are the small-



Fig. 1. Results of dynamic Monte Carlo simulations, correlating the
intracrystalline mean square displacement normalized with respect to
those in unrestricted space (Ær2(t)ærestricted/Ær2(t)æunrestr. = D(t)/D0) with the
fraction Nrem(t)/N0 of molecules which have not yet left their crystal, i.e.,
which give rise to the observed effective (restricted) diffusivity D(t). The
parameter aR/(5D0) represents the ratio of the mean exchange times in the
limiting cases of diffusion control (R2/(15D0)) and barrier control (R/(3a))
for spherical particles. The quantity R in the representation is defined by
the relation 3V/S between the particle volume (V) and surface (S), which
coincides with the particle radius R in the case of spherical particles and
half of the edge length for cubes. (a) The figure serves as a consistency
check to demonstrate that the derived values converge to a well-defined
limiting curve for sufficiently large values of L (corresponding to
sufficiently small simulation step lengths) and, comprising the relations
for cubic and spherical particles and (b) confirms that the obtained
relations are only slightly affected by the particle shape.

M. Krutyeva et al. / Journal of Magnetic Resonance 185 (2007) 300–307 303
er, the smaller the surface permeabilities (i.e. the stronger
the surface barriers) are. Stronger surface barriers imply
much longer molecular exchange times so that the mole-
cules still remaining within the crystal have experienced
restriction in a much more pronounced way than they
would have (at the same level of exchange) with smaller
surface resistances.

Fig. 1a provides a comparison of the simulation results
for a cubic crystal. It demonstrates that for a sufficiently
fine fragmentation, the system size in terms of the step
length (L = 20, 100 and 500) is eventually found to be of
no relevance for the result.
Fig. 1b represents the results of simulations performed
with model crystals of different shape, namely with spheri-
cal particles and with cubes. The representations reflect the
well-known fact [9] that the particle shape is of minor influ-
ence on the exchange behaviour. Most importantly, the
separation between the curves for different parameters
aR/5D0 is most pronounced in the medium range, i.e. for
comparable transport resistances by intracrystalline diffu-
sion and surface barriers. In the limiting cases where one
of the two mechanisms is dominating, a variation of their
intensity remains essentially invisible. Hence, if the simula-
tion data are compared with experimental results, the range
of highest sensitivity is that of comparable influence of
intracrystalline diffusion and surface barriers. It was this
range, where the conventional tracer desorption technique
failed to provide reliable information about surface perme-
abilities. In the concluding section, the new option of
applying PFG NMR will be illustrated by considering the
transport behaviour of methane in a zeolite of structure
type LTA [1], which, as a molecular sieve for hydrocarbon
separation and detergent additive, is among the technolog-
ically most important zeolites.
3. Experimental

The zeolite material applied in these studies has been
prepared following the classical Charnell method as
described in [22,23]. The zeolite crystals are approximately
cubes with average edge length of 5 and 35 lm, respective-
ly. For the preparation of the PFG NMR samples, the zeo-
lite material was introduced into sample tubes of 7.5 mm
outer diameter, to a filling height of 10 mm. Under contin-
uous evacuation, these tubes were heated at a rate of
10 K h�1 to 673 K. After keeping them at this temperature
for about 12 h under continued evacuation and cooling
down to the temperature of liquid nitrogen, a well-defined
amount of methane (48 mg of methane per gram zeolite,
corresponding to a loading of 5 molecules per cavity
(‘‘a cage’’ [1,22] of the internal pore structure)) was con-
tained within the tubes. Finally, the samples were sealed.

The diffusion measurements were carried out using the
home-built PFG NMR spectrometer FEGRIS 400 NT,
operating at a 1H resonance frequency of 400 MHz [24]
with field gradient pulse amplitudes up to 35 Tm�1. In
order to decrease the disturbing influence of internal mag-
netic field inhomogeneities, the 13-interval bi-polar PFG
NMR pulse sequence was used [25,26]. Generally, the dif-
fusion measurements were performed by measuring the
attenuation of the PFG NMR spin-echo signal w for a var-
iable amplitude g of the field gradient pulses. For unre-
stricted, isotropic diffusion one has [25,26]

w ¼ expf�c2g2ð2dÞ2DðD� s=2� d=6Þg ð7Þ

where D denotes the separation of two field gradient pulses
of equal polarity, and d and s stand for the width of the
pulses and their separation in a (bipolar) pair. In general,
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D can be chosen to notably exceed d and s. In such cases,
the mean molecular displacements during the application
of the bipolar pulse pairs are negligibly small in compari-
son with those during the time interval D between the
two pairs. Hence, following the so-called narrow-pulse
approximation of conventional PFG NMR [27,28], the
time interval D may be simply interpreted as the observa-
tion time of the experiment (the ‘‘diffusion time’’). Obvi-
ously, in cases where this approximation is not fulfilled
anymore, the expression (D � s/2 � d/6) assumes the posi-
tion of the genuine observation time. Therefore, we refer to
it as an effective observation time, having in mind that for
sufficiently large values of D this distinction is anyway of
no relevance.
4. Results and discussion

Fig. 2a represents the set of attenuation plots of the
PFG NMR spin-echo experiment attained with methane
Fig. 2. Plots of the PFG NMR spin echo attenuation for different
observation times (a) and the resulting PFG NMR tracer desorption curve
(b) for methane in zeolite NaCaA crystals with average edge length of ca.
5 lm at 25 �C.
in zeolite NaCaA with a mean crystallite size of 5 lm for
different observation times at 25 �C. The plots reflect the
typical two-phase behaviour [29] implied for the applica-
tion of the NMR tracer desorption technique [11,20],
namely a first steep decay brought about by those mole-
cules which, during the given observation time, have
exchanged their positions between different crystallites.
The second decay corresponds to those molecules which
remain confined to the interior of one crystal. The distinc-
tion between these two constituents—and hence the deter-
mination of the fraction of molecules which, after the given
observation time, have left their crystallites—is the easier,
the more the intracrystalline diffusivity is exceeded by
long-range diffusion. Recollecting that the long-range diffu-
sivity may be represented as the product of the relative
amount of molecules in the intercrystalline space and their
diffusivity [7,11,30,31], we may expect the long-range diffu-
sivities to be the larger the less favourably the guest mole-
cules are adsorbed, i.e. the larger the external gas pressure
has to be in order to maintain a certain guest concentration
in the host system. Therefore, owing to is relatively low
adsorption affinity, methane was intentionally chosen as
a guest molecule to guarantee sufficiently high long-range
diffusivities. The vast difference in the respective slopes in
the attenuation plots of Fig. 2a fully complies with this
expectation.

Fig. 2b displays the relative contribution of the second,
less steep decay to the overall attenuation curve as a func-
tion of the effective observation time D. This curve is noth-
ing else than the NMR tracer desorption curve
c(t) = 1 � Nrem(t)/N0. Application of Eq. (1) yields a mean
molecular exchange time of sex = 9.1 ± 1.8 ms.

Application of Eq. (7) to the second, less steep decay
yields an effective coefficient of intracrystalline diffusion,
D(t). It is defined by the Einstein relation (Eq. (4)), where
the averaging procedure includes all molecules which, dur-
ing the total observation time, have remained in one and
the same crystal. Fig. 3 displays the resulting diffusivities
as a function of the effective observation time. As a first-or-
der approximation, i.e. for sufficiently short observation
times, for diffusants subject to spherical confinement the
effective diffusivities may be shown to obey the relation
[20,21,32]

DðtÞ � D0 � f
D0

3R
D0t
p

� �1=2

ð8Þ

with the numerical factor f = 4 for confinement by reflect-
ing walls, and with f = 2 for absorbing walls. The time
dependence of the effective coefficient of intracrystalline
diffusion D of methane obtained for the 35 lm crystals
was fitted by Eq. (8) (see Fig. 3). The resulting values of
D0 = (1.4 ± 0.3) · 10�9 m2 s�1 for the intracrystalline diffu-
sivity, f = 1.8 ± 0.2 for the numerical factor and
R = 15 ± 3 lm for the effective particle radius were
found to be in reasonable agreement with previous experi-
mental data [33] and the real size of the zeolite crystals,



Fig. 3. Effective intracrystalline diffusivity of methane in NaCaA at 25 �C
as resulting from the slope of that branch of the spin-echo attenuation
plots (Fig. 2a) which corresponds to those molecules inside a crystallites
which remain captured within these crystallites during the total observa-
tion time (second, less steep part in Fig. 2a).

Fig. 4. Correlation plot of restricted diffusion (D/D0) and tracer desorp-
tion (Nrem/N0). Visual comparison of the experimental data obtained for
methane in zeolite NaCaA with the corresponding theoretical curves
obtained by dynamic Monte Carlo simulations (Fig. 1b for cubic crystals)
gives the value of the parameter aR/5D0. The theoretical curves with
aR/5D0 = 0.4 (for the 5 lm crystal) and aR/5D0 = 2 (for the 35 lm
crystal) are found to provide the best fits to the experimental data.
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respectively. The value of f = 1.8 approaches the theoreti-
cal value f = 2 for absorbing walls which with pinterDinter �
6 · 10�8 m2 s�1� D0 has in fact to be expected in the given
case.

The approximation by Eq. (8) is only applicable, howev-
er, if the root mean-square displacement of the molecules
during observation time is much smaller than the mean size
of the particles, i.e. if Ær2(D)æ1/2� R. Since the effective
observation time is limited by the experimental conditions,
this inequality is poorly realized for the smaller crystals of
5 lm, and the extrapolation may lead to substantial uncer-
tainties. It is shown by Fig. 3 that in the given case, for the
5 lm crystals, the extrapolation of D(t1/2) towards zero
observation time leads to an intracrystalline diffusivity
D0 = (1 ± 0.4) · 10�9 m2 s�1. Though being still in reason-
able agreement with the data for the bigger crystals, this
value is really of lower precision. It should be noted that
there is neither need nor reason to expect coincidence of
the correct values of the diffusivities. The inevitable differ-
ences in sample loading and in the real structure of the dif-
ferent zeolite specimens are known to readily lead to
differences in the respective diffusivities [34].

Fig. 4 combines the two sets of experimental data dis-
played in Figs. 2b and 3, namely the relative numbers of
molecules still remaining in one and the same crystal
(abscissa) and their root mean square displacements (or
their effective diffusivities) in relation to the corresponding
values for unrestricted motion (ordinate), in the correlation
scheme developed in the theoretical section. Direct com-
parison with the theoretical curves yields best agreement
with the parameters aR/(5D0) � 0.4 ± 0.25 and �2 ± 0.8
for the zeolite crystals of 5 and 35 lm edge length, respec-
tively. With the respective crystal radii R = 2.5 and 17.5 lm
and diffusivities D0 = (1 ± 0.4) · 10�9 and D0 =
(1.4 ± 0.3) · 10�9 m2 s�1, this leads to surface permeabili-
ties of a = (0.8 ± 0.5) · 10�3 and a = 0.78 ± 0.3 ·
10�3 ms�1, respectively.
As to our knowledge, these values represent the first zeo-
lite surface permeabilities ever obtained on the basis of
direct experimental evidence. The fact that for different
crystal sizes essentially identical surface resistances result,
might be taken as an indication that—like the intracrystal-
line diffusivity—the surface resistance is a characteristic
quantity of a given zeolite host–guest system. Having in
mind, however, that today even the intracrystalline zeolitic
diffusivity is found to be notably affected by deviations
from a genuine intracrystalline porous structure [1,34],
one should expect that similar effects may also occur with
the much more unstable crystal boundary. Though, clearly,
the ongoing systematic research of surface permeabilities
has to provide a final answer, for the time being it cannot
be excluded that the agreement in the surface permeabilities
presently observed for two different specimens is only
fortuitous.

Most interestingly, formal application of the values
obtained and used in this study for the tracer exchange
time (sex = 9.1 ± 1.8 ms), the intracrystalline diffusivity
(D0 = (1 ± 0.4) · 10�9 m2 s�1) and the mean crystal radius
(R = 2.5 lm) to Eq. (2) yields a surface permeability of
a = (0.1 ± 0.02) · 10�3 ms�1 which is by a factor of about
8 smaller than the value obtained by the novel method.
Though, on the one hand, this comparison shows that esti-
mates by the two methods yield results which do not differ
by more than one order of magnitude, we take it again as
an amber light not to overestimate the benefit of Eq. (2) for
the quantitation of surface barriers. It is obvious that
already a small fraction of particle agglomerates (which
are inevitably met on studying such crystal powders) or
of crystals with extremely high surface resistances may lead
to very large (up to essentially infinite) exchange times. In



306 M. Krutyeva et al. / Journal of Magnetic Resonance 185 (2007) 300–307
fact, the representation of Fig. 2, showing the relevant data
points of the NMR tracer exchange curve, suggests such a
tendency, since the rate of exchange is dramatically slowed
down for fractional exchange above c � 0.8. Therefore, if
one is interested to explore the surface permeability of
the vast majority of the crystals within the sample, one
should have to discard this part of the NMR tracer
exchange curve, which would result in much smaller values
for the tracer exchange time sex. As an immediate conse-
quence, with a given value for the first term on the right
hand side of Eq. (2), the magnitude of the second term
would decrease (corresponding to the expected increase in
the magnitude of the surface permeability a) and, eventual-
ly, the magnitudes of the terms get so closely together so
that their uncertainties exclude the reliable determination
of the surface permeability.

The novel method is based on an analysis which is insen-
sitive to the pitfalls of such a limiting behaviour. Moreover,
it takes account of the information provided by each indi-
vidual point of the NMR tracer exchange curve rather than
only of its first moment. The uncertainty of the determined
permeabilities is typically on the order of a factor of 2 and
most likely caused by the fact that the real systems studied
notably deviate from the simplifying suppositions so far
made in our simulations with respect to particle size and
surface permeability, namely the absence of any dispersion.
Future work has to comprise therefore efforts to approach
the ideal systems considered in the simulations in the exper-
imental reality and to extend the simulations to situations
which allow an estimate of the influence of size and perme-
ability dispersion on the analysis of the experimental data
deduced from realistic systems.

5. Conclusions

Nanoporous solids with particle diameters in the range of
micrometers are key to modern technologies of matter con-
version and separation. The performance of most of these
processes may be controlled by the permeability of the sur-
face of these particles. This is in particular true since, during
their industrial use, depositions of by-products on their out-
er surface or structural collapse close to their surfaces estab-
lish, or tend to enhance already existing, surface resistances.
As a non-invasive technique and operating on the scale of
micrometers which is particularly relevant for such systems,
PFG (PGSE) NMR is ideally suited for quantitating such
possible transport resistances on the particle surface.

We propose a new method to determine the intensity of
such surface resistances. It is based on a special analysis of
the so-called NMR tracer desorption experiment, in which
the normalized effective diffusivities of the molecules that
after a given time have not yet left their particles are plot-
ted as a function of their fraction related to the molecules
initially in a particle. These correlation curves are found
to dramatically depend on the surface permeability. This
is in particular true for the range where the transport resis-
tances due to intraparticle (‘‘intracrystalline’’) diffusion and
surface barriers are comparable. It is this range where the
conventional method of simply comparing the molecular
mean exchange time with its estimate on the basis of the
intracrystalline diffusivity becomes questionable, as a con-
sequence of the uncertainty in the primary quantities inher-
ent to this method.

The proposed procedure is complementary to the short-
time approach introduced by Mitra and Sen for quantitat-
ing the influence of internal walls on the PFG NMR data.
In fact, it is only the upper (and, hence, right) part of our
representation which is considered in their formalism, since
deviations of D(t) from D0 are to be considered as small
perturbations. Moreover, the present access allows cover-
ing the total spectrum of permeabilities between zero and
infinity, while in the analytical solution one of the limiting
cases of ideally reflecting walls (permeability zero) or
absorbing walls is considered. In our context, the latter
case refers to an infinite permeability, in conjunction with
sufficiently fast diffusion in the external space. For covering
the total exchange process and hence a time scale from zero
to essentially infinity, we have to pay with being unable to
provide an analytical solution.

Analysing the NMR tracer desorption curves of meth-
ane adsorbed on zeolite crystallites of type NaCaA, we
have been able to deduce unprecedented information about
the surface permeability of crystals in their as-synthesized
state. Most remarkably, already without any further expo-
sure of the crystallites, their surface is found to exert a finite
transport resistance on molecular exchange which is not
negligibly small in comparison with that due to intracrys-
talline diffusion.

Though the method has been introduced in particular
for a better exploration of the internal dynamics in beds
of microscopically small nanoporous particles, its applica-
tion should be feasible for all aggregations of compart-
ments (including cell tissues) [35,36] if the molecules, once
they have left one of these compartments, are able to travel
along sufficiently large paths so that their contribution to
the NMR spin echo may be unambiguously separated by
the PFG NMR experiments.
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