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The first application of interference microscopy to monitoring mass transfer in nanoporous materials dates back to late
1970s when Caro and colleagues reported results of investigations of water uptake by LTA type zeolites. It was, however,
not before the beginning of the new millennium that the developments in both the measuring technique and computa-
tional power have enabled the recording of transient guest profiles during molecular uptake and release under well-defined
conditions, leading to the establishment of a novel access to diffusion studies, now referred to as micro-imaging. In the
present contribution, the thus accessible novel type of information is illustrated by an in-depth analysis of the uptake
kinetics of methanol in an all-silica ferrierite. In particular, two remarkable experimental findings are reported, which may

be tracked back to their microstructural and/or microdynamic origin, namely a pronounced asymmetry in the transient

concentration profiles and a slowing down of guest uptake with increasing temperature.
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1 Introduction

Guest diffusion in nanoporous host materials is among the
rate-limiting processes in their technological application for
upgrading by heterogeneous catalysis, selective adsorption
and membrane separation [1-4]. Thus, mass transfer in
nanoporous materials was subject of numerous scientific
studies over the last decades. A breakthrough in the mea-
surement of the key quantities of mass transfer was attained
by the introduction of interference microscopy (IFM) [5-9].
As a consequence, the microscopic observation of intra-crys-
talline transient concentration profiles of the guest mole-
cules during molecular uptake and release has become pos-
sible [10] which, moreover, can be exploited for a direct
determination of intra-crystalline fluxes [11].
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Conventional (macroscopic) measurements of mass
transfer in nanoporous host materials record the total
amount of guest molecules entering or leaving these materi-
als during molecular uptake and release, as a function of
time [1, 4, 12]. In this case, predictions on the nature of the
elementary processes of mass transfer can only be based on
model assumptions about the rate-limiting processes. The
justification of these assumptions is a challenging task. It
includes extensive measurements in which, by varying key
parameters of the experiment like the size of the host crys-
tals and/or their total amount and arrangement, the experi-
mental results must be shown to agree with the model-
based predictions [13].

Allowing the space-resolved observation of the evolution
of intracrystalline concentration, micro-imaging by interfer-
ence microscopy is free from these limitations. By directly
following mass transfer, micro-imaging is able to correlate
diffusion fluxes with the associated structural features,
including the influence of the diffusion resistance of the
genuine intracrystalline pore space as well as of additional
resistances on the crystal boundary (the so-called surface
Dbarriers) or in the intracrystalline bulk phase.

Micro-imaging by interference microscopy is based on
the measurement of the optical path length determined by a
light beam passing the crystal under study [7-9]. As a con-
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sequence, the quantity directly accessible is the integral of
the concentrations in observation direction rather than the
local concentration itself. Host materials with pores extended
in one or two dimensions are therefore particularly conveni-
ent for this type of measurement. By choosing the observa-
tion direction perpendicular to the pore system, guest con-
centration in observation direction remains constant so that
the concentration integral simply becomes the product of
the local concentration in the given point of observation
with the crystal thickness.

In this respect, zeolites of type ferrierite (FER) provide
particularly favorable properties for diffusion studies by
interference microscopy. They are traversed by a two-dimen-
sional network of mutually intersecting channels with ellip-
tical cross-sections of 4.2Ax5.4A (10-ring channels) and
3.5Ax4.8A (8-ring channels) [14] and can be synthesized in
the shape of thin platelets with the channel system extended
in the plane of the platelets [15,16]. FER zeolite has thus
become an ideal model system for fundamental studies of
mass transfer in nanoporous materials, including the
exploration of structure-mobility correlations in the crystal
bulk phase [7,17, 18] and on the crystal surface [19]. In addi-
tion, FER-type materials are also of substantial interest from
a technological point of view. This results in particular from
the performance of protonated ferrierite (H-FER) in the pro-
cess of skeletal isomerisation of n-butenes towards iso-
butene, a reactant in the production of branched ethers as
important additives in lead-free gasoline with increased
octane numbers and reduced pollutants emission [20 —23].

As soon as the mass transfer in nanoporous materials
may be shown to occur under ideal structural conditions, in
particular under diffusion control by the genuine intracrys-
talline pore system, overall uptake is sufficient to provide
unequivocal evidence on intracrystalline diffusion. Exam-
ples of such studies include conventional (macroscopic)
uptake measurements with beds of crystallites with varying
diameters [24,25] as well as micro-imaging experiments
where IR microscopy has been applied in the integral mode
for covering the total uptake by an individual crystal after —
by exploiting a focal plane array detector for spatially
resolved measurements — diffusion limitation has been con-
firmed [26].

In host materials deviating from structural ideality, how-
ever, the relevant mechanisms of mass transfer cannot be
revealed anymore by uptake measurement. Notably owing
to Caro’s work [27—29], mass transfer in nanoporous mate-
rials is today known to be quite commonly controlled by
structural deficiencies rather than by a genuine pore space.
The present communication deals with diffusion measure-
ments in a FER crystal where the structural deficiency
appears in a pronounced asymmetry of the transient con-
centration profiles of the guest molecules. It shall be
demonstrated that even under such complicated conditions
the application of interference microscopy is able to provide
direct and unequivocal information about the intracrystal-
line diffusivities and their loading and temperature depen-
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dences as well as about the distinct mass transfer resis-
tances on the crystal surface.

2 Methods and Material

The measurements were performed using a JENAPOL inter-
ference microscope with an interferometer of Mach-Zehn-
der type. By splitting, shifting and superimposing the
image, this type of interferometer is able to record the differ-
ence in the optical path lengths through the crystal and the
surroundings [30]. Since molecular concentration in the gas
phase is negligibly small in comparison with the intracrys-
talline concentrations, changes in the difference of the opti-
cal path lengths are mainly due to changes in the intracrys-
talline concentration. Implying proportionality between
optical density and guest concentration — as a reasonable
first-order approach, confirmed, e.g., by comparison with
the measurement of adsorption isotherms [8] — the interfer-
ence patterns thus observed may be used to determine the
integral over the guest concentration in observation direc-
tion.

For our experiments extra-large (30 pum x 200 pm x 10 um)
all-silica single crystals of FER were used which have been
synthesized as described in [15]. In this synthesis, the
entrances to the 10-ring channels on the outer surface are
almost blocked [7,17] — being opened only after additional
washing with NaOH solution as demonstrated in [16, 18] —
so that uptake is dominated by diffusion along the 8-ring
channels. Therefore, and owing to the uniform thickness of
the crystals in the direction of the 8-ring-channel, IFM is
able to directly provide the profiles of intracrystalline con-
centration along the 8-ring channels. These profiles shall be
shown in Fig. 2. They are the starting point for the explora-
tion of the different mechanisms contributing to overall
mass transfer.

Prior to the experiments, the crystals have been calcined
and activated at 450°C for at least 10h under vacuum.
Experiments were started by an essentially instantaneous in-
crease of the pressure in the surrounding atmosphere from
zero to a constant, final value. The evolution of the concen-
tration profiles was followed with a spatial resolution of
0.5um and a temporal resolution of 15s. Measurements
have been performed at both room temperature (the only
temperature considered in our previous studies [7,17]) and
elevated temperatures (323 and 353 K). In the latter case,
before and during the experiment, the guest molecules and
crystals were kept at identical and constant elevated tem-
peratures, ensured by an appropriate heating of both the
external reservoir of the guest molecules and the optical cell
with the crystals [31].

Due to the underlying measurement principle, IFM pro-
vides quantitative information about only relative rather
than absolute changes in concentration. This deficiency can
be compensated by combination with the information of
adsorption isotherms for the relevant temperatures and
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pressures, stemming either from real experiments or theo-
retical estimates. In the present communication, either
option is used by exploiting the results of IR microscopy
measurements with the system under study [8, 32] and of
Configurational Bias Monte Carlo (CBMC) simulations
33, 34].

3 Results and Discussion

Fig. 1a shows the adsorption isotherms of methanol in all-si-
lica FER as resulting from CBMC simulations. The experi-
mental data obtained by IR microscopy at room temperature
are adjusted to the theoretical predictions. Also indicated
are the concentrations which, after equilibration at the final
pressure, result from the IFM measurements for the differ-
ent temperatures considered. They were calibrated on the
basis of the IR data for room temperature.

Fig.2 provides an overview of the transient profiles of
guest concentration along the direction of the 8-ring chan-
nels (y-direction) recorded by IFM during molecular uptake
induced by the application of a guest pressure in the sur-
rounding atmosphere at different temperatures. The guest
concentrations are indicated on the basis of the calibration
provided by Fig. 1a.

As a striking peculiarity of these profiles, immediately
visible at a first glance, one notes the asymmetry in the con-
centration profiles. Another anomaly becomes evident with
the presentations in Fig. 3a. It provides the data which, with
the system under study and under the chosen experimental
conditions, would result in conventional diffusion measure-
ments, considering only the relative molecular uptake. It
appears that, under the chosen experimental conditions, the
rate of overall molecular uptake decreases rather than
increases with increasing temperature. In the following, the
complete information provided by IFM is analyzed in order

to correlate these two remarkable observations with their
microdynamic origin.

By implying an ideal, homogeneous crystal bulk phase,
the evolution of the intracrystalline concentration follows
Fick’s 2nd law [1, 4, 12]:

o 0 ([ _oc o*c 9D [ac\?
5= (5) 5 % (3) W

with the initial condition c¢(y, t = 0) = 0 and the boundary
condition

]
Jjly=0.L) (E - Da—;) = do,r [¢(y=0,L) = Ceq] 2)

D is the coefficient of intracrystalline transport diffusion
(generally referred to as the transport diffusivity). It is, in
general, a function of both temperature and concentration
and is assumed to be uniform within the crystal. ao
denotes the surface permeability on either side of the crystal
(y=0, L). It is also a function of temperature and loading.
Since the concentration range relevant for surface permea-
tion covers a whole interval, namely from ¢(y = 0,L) to ceq, it
cannot as easily as the transport diffusivity be attributed to
one concentration, namely the given, local one. However, by
considering a large variety of intervals ¢(y= 0,L) to ccq, it was
found in [35] that the concentration dependence of the sur-
face permeabilities can be satisfactorily taken account of by
considering their dependence on the mean concentration
[e(y = 0,L)+cq]- This simplification is adopted here. The sur-
face permeabilities are assumed to be uniform on either
side of the crystal while, in view of the asymmetry in the
concentration profiles, they are clearly anticipated to be
vastly different on the two crystal sides.

For determining, via Eq. (2), the surface permeabilities, it
was realized that the fluxes j(y = 0, L), i.e., the number of

molecules passing the crystal sur-

face per area and time, may be cal-
culated by considering the area
between the concentration profiles
determined at two subsequent
instants of time, taken from the
crystal boundary to the profile
minima, divided by the time inter-
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Figure 1. Equilibrium data for methanol adsorption on all-silica FER (one unit cell (u.c.) com-
prises two 10-ring channel segments and two cavities of 67 A diameter, enclosed by 6- and
8-ring windows [14]). a) Adsorption isotherms determined by CBMC simulation and comparison
with the experimental results obtained by IR microscopy and IFM. b) Inverse thermodynamic
factor 1/I"=dInc/dlnp calculated from the simulated adsorption isotherms.
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dence of the form ko exp(k; ). The
values of the fitting parameters ko
and k, as determined for the differ-
ent temperatures are summarized
in Tab. 1.
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Figure 3. Time dependence of methanol uptake m(t) along the
T;' 8-ring channels of all-silica FER as resulting from Fig. 2 by exploit-
S 404 ing the relation m(t) fOL c(y, t)dy, represented a) as the relative
a uptake m(t)/meq (With meq = m(t—e)) and b) as the absolute
3 uptake, in terms of the mean concentration <c(t)>= fOL c(y,t)dy/L
L E with L denoting the crystalssize in the direction of the 8-ring chan-
E, 054 = nels. Also included in b) are the results of complementary experi-
I ments at room temperature with smaller pressure steps, chosen
in such a way that the resulting equilibrium concentrations meq
0.04 are those of the experiments at elevated temperatures.
0 5 10 15 20 25 30
y [um] Table 1. Fitting parameters used for the analytic representation

Figure 2. Transient concentration profiles of methanol in all-silica
FER along the direction of the 8-ring windows (y-direction) in-
duced by a pressure step in the surrounding (methanol) atmo-
sphere from zero to 120 mbar at 295K (a), to 130 mbar at 323K
(b) and to 145 mbar at 353K (c). The experimental data obtained
by IFM are indicated by the symbols connected with broken lines
as guides for the eyes. The full lines are the respective solutions
c(y,t) of Fick’s 2nd law (Eg. (1)) subject to the boundary conditions
provided by Eq. (2), with the diffusivities and surface permeabil-
ities given in Tab. 1.

It was impossible to determine the surface permeability
through the crystal boundary at y = 0 with a similar accu-
racy. The reduced permeability leads to a notably smaller
flux into the crystal which results in a slower concentration
increase and, hence, in a shift of the concentration minima
towards y = 0. The area between subsequent concentration
profiles and between the crystal boundary and the location
of the concentration minimum on this side of the crystal
could, therefore, be determined with only a very high uncer-
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of the concentration dependence of the intracrystalline diffusiv-
ities (D) and of the surface permeabilities (a,) through the crystal
boundary at y = L (right-hand side in the representations of Fig. 2).
Both quantities could be approached by relations of the form
ko exp(kic) with the parameters ko and k; as given in the table.

Surface permeability Transport diffusivity
TIK] ko ky ko ky
[10®¥ms™]  [(molecules [10™m’s™] [(molecules
per u.c.)"l] per u.c.)™
295 6.5 45 2 61
323 8.9 4.9 3.4 5.6
353 12.3 6 7.2 5.0

tainty. Hence, via Eq. (2), also the surface permeabilities are
subject to these uncertainties. However, due to the same
reason, namely the notably reduced guest flow into the crys-
tal, the surface permeabilities on this side of the crystal are
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also of minor relevance for the evolution of the concentra-
tion profiles [11]. Without significant influence on the
resulting concentration, the surface permeabilities on this
side of the crystal can therefore be assumed to be indepen-
dent of concentration. This constant value was implied to be
equal to the mean value estimated via Eq. (2) for each time
interval between subsequent concentration profiles for the
surface permeability. The thus determined values — gy = 5.5,
5.9and 5-10®m™s™ for 295, 323 and 353 K, respectively —
do not vary notably with the temperature either.

With these assumptions about the surface permeabilities
and the thus specified boundary conditions, the measured
concentration profiles were fitted by a finite-difference solu-
tion [36, 37] of Fick’s 2nd law (Eq. (1)). It appeared that, as
already with the surface permeability on the crystal side of
higher permeability, the observed dependencies may be satis-
factorily reproduced by assuming an exponential approach
for the concentration dependencies of the diffusivities. The
relevant data are summarized in Tab.1 and the resulting
concentration profiles are shown by the full lines in Fig. 2.

The asymmetry observed in the concentration profiles
may thus be satisfactorily ascribed to a pronounced differ-
ence in the surface permeabilities on the two crystal faces in
the entrance planes of the 8-ring channels. Simultaneously,
being adequately described by a single intracrystalline diffu-
sivity, the crystal interior is found to be completely regularly
structured.

For rationalizing the deceleration of molecular uptake
with increasing temperature as appearing from Fig.3a as a
second anomaly, it is refered to the representation of the
surface permeabilities and intracrystalline diffusivities in
Figs.4a and b. As to be expected, for concentrations kept
fixed, both the surface permeabilities and intracrystalline
diffusivities clearly increase with increasing temperature. In
the experiments documented in Figs.2 and 3a, however,
temperature increase is seen to be accompanied by a
decrease in loading. The representations of Figs.4a and b
show that the decrease in the surface permeabilities caused
by this decrease in the loadings overcompensates the effect
of temperature increase, resulting in an overall decrease in
both the surface permeabilities and diffusivities, i.e., in a
deceleration of uptake with increasing temperature as
appearing from Fig. 3a. The reasoning is supported by the
representations of Fig. 3b. They show the time dependence
of molecular uptake in absolute rather than relative units.
In addition to the data, re-plotted from Fig. 3a, they do also
include the results of uptake measurements at room tem-
perature with notably reduced pressure steps chosen in
such a way, that the final loadings did coincide with those
attained with the larger pressure steps at higher tempera-
tures. Now, in complete agreement with our expectation,
uptake rates are clearly found to increase with increasing
temperature.

While the mechanisms giving rise to the formation of trans-
port resistances on the surface of nanoporous materials,
being a subject of intense current discussion [31, 35, 38, 39,
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are still far from obvious, the transport diffusivities are well-
known to be affected by two influences, which become parti-
cularly evident by using the Maxwell-Stefan notation (also
referred to as the Darken equation) [4, 34,40 —42].

D = Dydlnp/dlnc = I'x D, (3)

Dy is referred to as the corrected diffusivity or, alterna-
tively, as the Maxwell-Stefan diffusivity Pyss, with both nota-
tions completely equivalently in the case of single-compo-
nent adsorption as considered in this study [4]. It is a
measure of the translational mobility of the guest molecules
and coincides with the self-diffusivity if the guest-wall inter-
action notably exceeds the influence of the guest-guest inter-
action on the molecular propagation rates — case of diver-
ging mutual Maxwell-Stefan diffusivities Daa [34,40,43].
The factor dlnp/dlnc, referred to as the thermodynamic fac-
tor I, may be determined from the adsorption isotherm
c(p). Fig. 1b shows the reciprocal values (dlnc/dlnp = 1/TI) of
the thermodynamic factors determined from the adsorption
isotherms of Fig. 1a. With this representation, the decrease
in loading from about 4 molecules per unit cell at 295K to
about 2.5 at 323K and 1.5 at 353K is seen to be accompa-
nied by a significant increase of the thermodynamic factor
and hence, with Eq. (3), by the increase of one of the factors
constituting the transport diffusivities.

Fig.4c shows the concentration dependence of the cor-
rected (or Maxwell-Stefan) diffusivity as resulting from Eq. (3)
with the thermodynamic factors given in Fig. 1b. Also here, by
simultaneously increasing the temperature and decreasing
the loading, the resulting corrected diffusivities are found to
decrease with increasing temperature, as a consequence of
the dominating influence of the loading dependence.

Starting, in the limit of vanishing concentrations, from
1/I"=1 as for ideal systems, the reciprocal value of the ther-
modynamic factor in Fig. 1b is seen to increase with increas-
ing loading. This indicates a dominance of the guest-guest
interaction in comparison with the guest-host interaction
which, in [44], has been referred to as the “clustering effect*
and which has been described to occur, e.g., for methanol
and ethanol in ZIF-8 [26], methanol in DDR and LTA [44]
and alkanes in CuBTC [45, 46]. In contrast to the thermody-
namic factor which for Langmuir-type isotherms is well-
known to increase with increasing loading, the observed
increase in the corrected diffusivities with increasing load-
ings is only one pattern among a multitude of concentration
dependences observed for the intracrystalline mobilities.
The present dependence — referred to as the type-V concen-
tration pattern [40,47] — may result if the activation energy
for molecular propagation decreases with increasing loading
[48—50]. Such a model is in complete agreement with the
Arrhenius presentation of the corrected diffusivities in
Fig. 4d, where the activation energies (slopes in the repre-
sentations) decrease with increasing loading, in parallel
with a significant increase in the absolute values of the dif-
fusivities.
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Figure 4. Surface permeability on the more permeable side (a) and intra-crystalline transport diffusivity (b) of metha-
nol in the direction of the 8-ring channels of an all-silica crystal of type FER in dependence on the methanol concen-
tration for the three temperatures considered in the experiments, determined with the parameters of Tab. 1. By con-
necting the data points to be expected for the final loadings, both the surface permeabilities and diffusivities are
seen to be the smaller the larger the temperatures are. Figs. 4c and d show the corrected (or Maxwell-Stefan) diffusiv-
ities calculated via Eq. (3) with the thermodynamic factors of Fig. 1a as a function of both loading (c) and tempera-

ture (d).

4 Conclusions

Mass transfer in nanoporous materials is often influenced
or even controlled by deviations from their ideal textbook
structure. Under such conditions, the uptake and release
rates as accessible by macroscopic techniques of diffusion
measurement do scarcely provide the information necessary
for identifying the rate-determining processes. As an exam-
ple of such a situation, the molecular uptake by an all-silica
FER crystal was considered. Zeolites of this type are known
to provide particularly favorable conditions for their investi-
gation by microscopic measurements, in particular for
micro-imaging by means of interference microscopy (IFM).
In this way, two remarkable findings could be attributed to
their microscopic/microdynamic origin, namely (i) a pro-
nounced asymmetry in the concentration profiles which is
ascribed to notably different guest permeabilities on either
side of the crystals and (ii) a slowing down of molecular
uptake with increasing temperature for essentially identical
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pressure steps, which can be related to a dramatic concen-
tration dependence in both the surface permeability and
intracrystalline diffusivities.

Measurements of this type have only recently become
possible owing to the progress in instrumentation and ex-
periment performance, following first attempts decades
ago, which have been notably promoted by Prof. Caro. With
crystal sizes between tens and hundreds of micrometers,
the focus of such studies is clearly not yet on materials
which are scheduled for technological application. The phe-
nomena, however, which have become accessible by direct
observation, notably the transport resistances on the exter-
nal surface of such materials, are known to be among the
rate-determining influences in many technological applica-
tions of these materials. Their in-depth study is, correspond-
ingly, of growing interest for both fundamental material
research and a future optimized technological application of
these materials.
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I Symbols used

Surface permeability

Surface permeability of the sur-

faceaty=0ory=1L

c [molecules u.c.”™'] Guest molecule concentration
inside the crystal (u.c. unit cell)

Ceq  [moleculesu.c.”'] Final (equilibrium) concentration
of an uptake/release experiment

<c(t)> [molecules u.c.”'] Mean concentration inside the

crystal

D [m?%s7) Transport diffusivity

Dy [m’s7T Corrected diffusivity

Daa  [m’s7 Mutual Maxwell-Stefan diffusivity

Dys  [m’s™ Maxwell-Stefan diffusivity

r -] Thermodynamic factor

j [m2s7) Particle flux through the crystal
surface

L [m] Crystal size in direction of the

8-ring channels
Uptake at time ¢
Uptake at equilibrium

m(t) [molecules m™’]
Meq  [molecules m™]

p [Pa] Pressure of sorbate molecules in
the surrounding atmosphere

T K] Temperature

t [s] Time
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