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Nanoporous materials are key to a plethora of modern
technologies and decisively contributed to the present boom
in the development of heterogeneous catalysis and molecular
sieves. In these applications, knowledge of the details of mass
transport often turns out to be crucial for the exploration of
routes for their use and further optimization. It was common
practice to apply Fick�s 1st law to analyze the rate of
molecular uptake or release following a change in the
pressure of the surrounding atmosphere.[1,2] This approach,
however led to much smaller effective diffusion coefficients,
which could only be attributed to the existence of transport
resistance on the external surface of the crystal (that is,
surface barriers, there are numerous models concerning their
origin[3–7]). In addition there could be other barriers within the
pore system of the zeolite bulk phase, acting in addition to the
transport resistance.[8]

With the introduction of interference microscopy for
monitoring time-dependent concentration profiles during
molecular uptake and release,[9–14] the existence of these
resistances could be confirmed by direct experimental
evidence. These studies provided direct evidence of transport
resistance on the external crystal surface (for crystal speci-
mens of zeolite ZSM-5[11] , ferierrite,[13] and the metal–organic
framework (MOF) manganese formate[14]) and in the intra-
crystalline bulk phase (for zeolites of type CrAPO-5 and
SAPO-5[12] and of ZSM-5/silicalite-1[9]). These findings were
corroborated by the findings of two groups in recent inves-
tigations of the catalytic conversion on large ZSM-5 crystal-
lites[15,16] which indicated the presence of intracrystalline
diffusion barriers that notably influenced the overall reaction.

Herein, a specimen of a zeolite host system of type
silicalite-1[17] could be identified where the influence of both
surface barriers and internal barriers, such as interfaces and
stacking faults, are found to be negligibly small in comparison
with the transport resistance exerted by the regular intra-

crystalline pore system. In other words, in these silicalite-1
crystals, the transport properties that were found were those
that were predicted from the established structure. Thus,
predictions of the molecular transport, based exclusively on
the regular pore structure, should reproduce the experimental
diffusion coefficients.

Silicalite-1 crystals have a three-dimensional pore system,
consisting of mutually intersecting straight (in crystallo-
graphic b direction) and zigzag (in crystallographic a direc-
tion) channels (Figure 1a).[18–21] These are formed by a rapid
growth along the crystallographic c axis during the early
stages of the synthesis. As shown in Figure 1b the crystallo-
graphic axes of segments 2 and 6 coincide with each other, and

Figure 1. Structure of the system under study. a) The three-dimen-
sional pore system of silicalite-1, consisting of straight and zigzag
channels. b) Schematic representation of the internal structure of
silicalite-1 crystals; x, y, z indicate the crystal orientation, whereas a, b,
c indicate the orientation of the pores in each segment.
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with those of segments 1 and 4, but not with those of 3 and 5.
Within each individual crystal, the segments are arranged in
such a way that only the zigzag channels reach the external
surface, while the straight channels run parallel to the surface.
In previous studies, the interfaces between the crystal seg-
ments could be identified as the source of intracrystalline
transport resistance. Aluminum distributes inhomogeneously
over large ZSM-5 crystallites. It is preferentially located close
to the external surfaces of the crystallites. A similar enrich-
ment of aluminum at the interfaces of the crystal segments
could be postulated, this would result in enhanced catalytic
activity and coke/polymer formation close to these interfaces,
as observed in ref. [15,16]. This situation suggests that the
diffusion barriers observed in these studies arise from pore
blocking under reaction conditions.

Figure 2 provides an overview of the transient concen-
tration profiles observed during uptake (Figure 2a and b) and
release (Figure 2d) of isobutane initiated by a pressure step
from 0 to 1 mbar (which corresponds to 2.8 molecules per unit
cell)—and vice versa—in the surrounding atmosphere. Fig-
ure 2a shows the distribution of the concentration within the
crystal. Figure 2b presents the profiles of the concentration
integrals along the crystal y direction at z= 10 mm. Figure 2d
provides a comparison of the profiles during desorption,

determined for different z values. It is clear that the molecular
uptake is essentially independent of z.

Most importantly, in both the adsorption and desorption
runs, the boundary concentrations are found to assume the
equilibrium values instantaneously. This result indicates that
there is essentially no additional transport resistance (“sur-
face barriers”) on the outer crystal surface. In the case of
silicalite-1 crystallites, surface barriers are probably amor-
phous silica layers on the exterior of the crystals. Prior to
calcination, the silicalite-1 crystallites used were exposed to
fresh, highly dilute sodium hydroxide solution for one day.
During this alkaline treatment, thin amorphous silica layers
easily dissolve, yielding surface-barrier-free crystallites. Com-
plementary studies with crystals subject to a preceding
leaching with fluoric acid[22] and with crystal fragments[17]

(see Supplementary Information) confirm these findings.
Opposite to the case of one- and two-dimensional channel

systems, for a three-dimensional case an analysis can no
longer be based on the microscopic application of Fick�s 2nd
law[13] since the quantities now observed are nontrivial
integrals of the concentration. Hence, the diffusion coeffi-
cients have to be determined by comparison of the observed
concentration profiles with calculated profiles. These are
generated by a numerical solution of Fick�s 2nd law with

suitably chosen concentration-
dependent diffusion coeffi-
cient.[23] Diffusion in x- and
y direction is assumed to be
essentially isotropic, while
mass transport in the z direc-
tion is assumed to be of negli-
gible influence.[24,25] This
assumption is confirmed
experimentally by the absence
of any concentration gradient
along the z direction.

The transport diffusion
coefficient D is the product of
the thermodynamic factor
d(lnp)/d(lnc) determined
from the equilibrium isotherm
c(p)[26] and the corrected dif-
fusion coefficient (also called
the Maxwell–Stefan diffusion
coefficient).[8] Best agreement
with the observed concentra-
tion profiles of isobutane is
obtained with a corrected dif-
fusion coefficient of 1.05(1–
0.52c) A 10�12 m2 s�1 with the
transport diffusion coefficient
increasing from 1.05 A
10�12 m2 s�1 to 1.7 A
10�12 m2 s�1. This finding
nicely reproduces the values
determined by molecular
dynamics simulations[24]

which, in the considered con-
centration range, gave the dif-

Figure 2. Time-dependent concentration profiles of 2-methylpropane (isobutane) as a guest molecule in
silicalite-1. a) two-dimensional concentration profile, 10 s after the onset of adsorption (crel : concentration
normalized with saturation loading, namely with 2.8 molecules/u.c.). b) Evolution of the guest concen-
tration profile along the x axis at z�10 mm during uptake. c) Host crystal with indication of the positions z
to which the concentration profiles in (d) refer. d) Evolution of the guest concentration profiles along the
x axis during release at different z values.
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fusion coefficient to be 4(1–0.5c) A 10�12 m2 s�1, and deter-
mined by the (macroscopic) ZLC (zero-length column)
technique where at low loadings the diffusion coefficient is
determined to 9.8 A 10�13 m2 s�1.[27]

As an additional probe molecule we have chosen 2-
methylbutane which, owing to its larger size, has a lower rate
of uptake by, and release from, the pore system. Figure 3
shows both an overall two-dimensional concentration profile
at a specific time during desorption (Figure 3a) and selected
desorption profiles at different times at one z value (Fig-
ure 3b). Figure 3c shows the profiles of the integrated
concentration in the x and y directions. The agreement
between these profiles confirms the regular crystal habit that
is shown in Figure 1b and the validity of our assumption of
diffusion isotropy in the x and y directions.

Using literature data for the adsorption isotherm,[28] the
best agreement between the experimentally observed profiles
of 2-methylbutane and the calculated ones is obtained for a
corrected diffusion coefficient of 0.9(1–0.67c) A 10�13 m2 s�1

which corresponds to a transport diffusion coefficient increas-
ing from 0.9 A 10�13 m2s�1 to 5 A 10�13 m2 s�1.

Figure 4 illustrates that the calculated transient concen-
tration profiles (full lines) satisfactorily reproduce the mea-
sured data. The best fit obtained with a concentration
independent (that is, constant) diffusion coefficient, which
allows an analytical interpretation (Figure 4, dotted lines),
gives a somewhat larger deviation. The representations show
that adsorption and desorption occur with comparable rates,
which is in complete agreement with the observation that the
profiles are not too different from those to be expected for
constant diffusion coefficients.[8,24]

In summary, diffusion measurements by interference
microscopy (using isobutane and 2-methylbutane as probe
molecules) directly confirmed the regularity of the porous
structure of MFI-type crystals. The results show that mass
transport in a nanoporous host is not notably affected by
internal transport resistances (i.e. at the interface between the
intergrowth segments) or by a reduced permeability through
the crystal surface (i.e. by surface barriers). In addition, our
technique provides direct access to the magnitude of the
transport parameters and their concentration dependence.
Both types of information are essential for a complete
material characterization and are often crucial for their
technical applications.

Experimental Section
The experimental set-up consists of a vacuum system, a microscope
with camera and a computer. The interference microscope (Jena-
map p dyn; Carl Zeiss GmbH) is equipped with an interferometer of
the Mach-Zehnder type and a CCD camera, which digitizes the
observed images.

The interferogram is generated from two light beams, one passing
through the crystal and one through the surroundings (gas phase),
respectively. These two beams are produced by the beam splitter of
the interferometer and are superimposed so that an interference
pattern is produced. This superposition reflects the difference of the
optical path lengths through the crystal and the gas phase. The
refractive index of a medium is a function of its composition. In this
case, the “composition” of the crystal is represented by the concen-
tration of guest molecules inside its pores. During uptake and/or
release the concentration of guest molecules inside the crystal
changes with time and, therefore, the refractive index n1 changes as
well. The difference optical densities Dn (that is, between the n1 and n2

for the crystallite and its surroundings, respectively), gives rise to a
phase difference in the respective beams [Eq. (1); where x, y, z are
three spatial coordinates, t is the time, Ds is the optical path length.
The x axis is the direction of observation and L denotes the length of
the crystal in this direction].

Dsðy,z,tÞ ¼
ZL

0

Dnðx,y,z,tÞdx ð1Þ

Since the changes in the refractive index are very small, we may
assume that the changes in the concentration and the refractive index
of the crystal are proportional. Therefore, by using Equation (1), the
experimental data (optical path length) yield a quantity which is

Figure 3. Time-dependent concentration profiles of 2-methylbutane in
silicalite-1; a) two-dimensional concentration profile, 10 s after the
onset of adsorption. b) Evolution of the guest concentration profile
along the x axis at z�10 mm during release. c) Evolution of guest
concentration profiles along x axis (open symbols) and y axis (filled
symbols) at z�10 mm during release.
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proportional to the integral of the concentration in the direction of
observation. The spatial resolution of this technique is 0.5 A 0.5 mm2

and the time resolution is 10 s. All experiments were performed at
room temperature (295 K). Prior to each experiment, the whole
system was evacuated and the sample activated according to the
specific procedure appropriate for the given material (in our case for
12 h at 673 K).
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