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Abstract After a short introduction into interference mi-
croscopy and its potentials in monitoring transient concen-
tration profiles in nanoporous materials, we concentrate on
the special options of an analysis of these profiles close
to the crystal surfaces. We shall in particular introduce a
novel route of correlating the overall uptake, at a certain in-
stant of time, with the current boundary concentration. In
this way, the significance of surface resistances to overall
molecular uptake may be most vividly demonstrated. Con-
sidering a large variety of nanoporous host-guest systems,
including methanol in zeolites ferrierite, methanol in MOF
Manganese(II)-formate and methanol in SAPO STA-7, quite
different patterns of surface resistivities may be observed.
A generalized analysis is complicated by the fact that both
the diffusivities and the surface permeabilities are found to
notably depend on the actual concentration. As a conse-
quence, for one and the same system and over identical pres-
sure steps, the relative contributions of diffusion and surface
permeation to the overall process may be quite different for
desorption and adsorption.
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Csurf relative concentration at the crystal edge

D transport diffusivity (m>s~!)

I half channel length (m)

L parameter «« - [/ D

m relative uptake by the crystal

Tdiff time constant of mass transport only limited by
diffusion (s)

Tsurf time constant of mass transport only limited by

surface resistance (s)

Tourf-+diff time constant of mass transport limited by
diffusion and surface resistance (s)

w intercept of the asymptote of the
csurf-m-correlation plot with the ordinate

X,¥y,z space coordinates (m)

1 Introduction

Interference microscopy (Schemmert et al. 1999) allows a
direct monitoring of the evolution of the intracrystalline
concentration profiles during transient sorption experiments.
With a spatial resolution of down to the range of microm-
eters, interference microscopy has thus proved to be the
first “microscopic” technique applicable to the study of
molecular diffusion in nanoporous host-guest systems under
non-equilibrium conditions. This peculiarity, in particular,
opened up the option to monitor the evolution of concentra-
tion profiles during molecular uptake or release. As a most
remarkable finding of the first measurements by this tech-
nique, for many host-guest systems under transient condi-
tions the boundary concentration close to the particle sur-
faces was found to notably deviate from the equilibrium
value corresponding to the pressure of the guest molecules
in the surrounding atmosphere. These differences indicate
the presence of transport resistances at the external surface
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Fig. 1 Schematics of
interference microscopy.

(a) Two light beams; one
passing through the crystal and
the other through the
surrounding atmosphere, (b) the
interference microscope,

(c) interference patterns
generated due to different
optical properties of the media
passed by the two beams,

(d) concentration profiles
calculated from the changes in
interference patterns with time
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of the host systems, since any essential influence of heat re-
lease may be excluded (Heinke et al. in press), owing to the
fact that the measurements are performed with single crys-
tals ensuring sufficiently large surface-to-volume ratio (Lee
and Ruthven 1979). The discussion of the relative contribu-
tions of diffusion and surface barriers on the overall kinetics
of molecular uptake and release with nanoporous materials,
accessible by interference microscopy, is in the focus of this
contribution.

After an introduction to the principles of interference mi-
croscopy and its application to diffusion measurement in
Sect. 2, Sect. 3 provides a survey of transient concentra-
tion profiles during molecular uptake and release for vari-
ous host-guest systems. Their knowledge permits a repre-
sentation of the boundary concentration as a function of the
total amount adsorbed or released (rather than of the time
elapsed as the usual way of representing data of sorption
kinetics). The special features and potentials of this option
are explored in Sect. 4. Finally, in Sect. 5, the experimental
data presented in Sect. 3 are discussed on the basis of this
formalism.

2 Fundamentals of interference microscopy and
experimental procedure

The application of interference microscopy to diffusion
studies with nanoporous (optically transparent) host materi-
als is based on the fact that their optical density is a function
of the nature and of the concentration of the guest molecules.
In our studies, we use a JENAPOL interference microscope
with an interferometer of Mach-Zehnder type where one
observes the superposition of the crystal under study with
its surroundings (Schemmert et al. 1999). Thus, changes in
molecular concentration will correspondingly affect the in-
terference pattern so that, in turn, changes in the interference
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patterns allow the determination of the changes in molecular
concentration. Figure 1 provides a schematic illustration of
this procedure. The quantity directly accessible is the inte-
gral [ c(x, y, z)dx where x is the coordinate in the observa-
tion direction of the microscope. The integral is to be taken
over the whole crystal. For diffusion in only one or two di-
rection(s) and observation perpendicular to these directions,
the integral simply becomes the product of c¢(x, y,z) and
the crystal extension in x-direction where the concentration
is only a function of y and z (for two-dimensional diffusion)
or of only one coordinate for one-dimensional diffusion. In
our studies, spatial and temporal resolution are on the order
of Ay x Az~ 0.5 pm x 0.5 pum and 10 s, respectively.

Figure 2 provides an impression of the experimental
setup. Before being introduced into the glass cuvette for mi-
croscopic observation, the host system under study is acti-
vated following the specific procedure appropriate for the
given material (in general by temperature increase at a rate
of 60 Kh~! up to typically 200 °C under continued evacua-
tion and by keeping the sample at the final temperature un-
der continued evacuation for additional 10 h). Sufficiently
large supply volumes and the tiny size of the crystal under
study ensure the option of a true stepwise variation of the
external pressure. All experiments were performed at room
temperature with one selected crystal.

3 The considered concentration profiles

3.1 Methanol in zeolite ferrierite

The investigated silica ferrierite crystals are cation-free and
have a dimension of about 10 um x 50 pum x 200 um. They
have a shape of a cuboid body with a “roof” on both elon-
gated sides (Fig. 3). They were synthesized at the University
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Fig. 2 Sketch of the
experimental setup, with the
vacuum system and the
interference microscope

4N

gas phase§

tank

vacuum system

Open 10-ring channels of
the roof part and 8-ring
-~y channels in y-direction

Blocked 10-ring channels
of the crystal body

Fig. 3 Schematic representation of the ferrierite crystal with its
two-dimensional pore structure. The figure shows partially blocked
z-direction channels in the main body of the crystal, open z-direction
channels in the roof section and open y-direction channels (Kérger et
al. 2006)

of Stuttgart (Rakoczy et al. 2007) and they were activated
under high vacuum at a temperature of 400 °C for 12 h. To
ensure that there are no organic residues, the activation was
preceded by exposing the sample to oxygen at 700 °C for
4 h.

The ferrierite crystals exhibit a two-dimensional channel
structure with wider, “ten-membered” ring (formed by ten
silica and ten oxygen atoms) channels along the z-direction
with an elliptical cross section of 0.54 nm x 0.42 nm.
There are smaller, “eight-membered” ring channels along
the y-direction with an elliptical cross section of 0.48 nm x
0.35 nm. The smaller y-direction channels intersect the big-
ger channels and there are 12 such intersections per unit cell.
Unless structural defects exist in the crystal lattice, there
should be no transport in x-direction as there exist no chan-
nels in this direction. Based on the structure of the ferrierite
crystal, one expects to find concentration gradients in y- and
z-directions but none in x-direction (direction of the light
beams).

As already shown in Kérger et al. (2006) the mass trans-
port of methanol in the body of the ferrierite crystal is al-
most one-dimensional along the eight-ring channels in y-

vacuum pump

\ L

computer
cuvette

miICroscop

direction. Only small amounts of guest molecules enter the
crystal along the ten-ring channels in z-direction in which,
because of the bigger diameter, the diffusivity is very high
and excludes measurable concentration gradients.

It is noteworthy that the concentrations at y = 0 and
50 um do not immediately attain the equilibrium concentra-
tion. One has to conclude, therefore, that in addition to the
very pronounced transport barriers at z = 0 and z = 225 pum,
essentially precluding diffusion in z-direction, there are
also transport resistances at the entrances of the eight-ring
channels in y-direction. Figure 4 provides an overview of
the evolution of the concentration profiles during methanol
uptake by ferrierite following a pressure step from O to
10 mbar, 5 to 10 mbar and O to 80 mbar in the surrounding
atmosphere for the adsorption process as well as from 10 to
5 mbar, 80 mbar to vacuum and 10 mbar to vacuum for the
desorption process.

3.2 Methanol in MOF manganese formate

The MOF manganese formate investigated in these stud-
ies has been synthesized by M. Arnold and J. Caro at the
University of Hannover (Arnold et al. 2007). Together with
micrographs of the crystal under study, Fig. 5 provides a
schematic view of the structure of the material indicating
the one-dimensional channel structure. Prior to the uptake
experiments, the samples were activated for 24 h at 150° un-
der reduced pressure. Figure 6 shows the entity of concen-
tration profiles in y-direction at x = 41 wm resulting from
the evolution of the interference patterns during methanol
uptake for a pressure step from 0 to 10 mbar in the surround-
ing atmosphere (Kortunov et al. 2007).

3.3 Methanol in zeolite SAPO STA-7

The zeolite SAPO STA-7 is of the new structure type
SAV. The material used in our studies was synthesized by
M.J. Castro and P.A. Wright at the University in St. An-
drews, Scotland. In this crystal, there exists a three-di-
mensional channel system which consists of channels in
z-direction with a diameter of 0.4 nm and channels in x- and
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y-direction with a diameter of 0.37 nm each (Fig. 7). The
edge lengths of the (cuboid-like) crystal used in these studies
are about 38 m in z- and about 30 um in x- and y-direction.
Before the experiment, the crystal was activated under vac-
uum at 200 °C for 10 h. Figure 8 provides an overview of
the evolution of the concentration profiles during methanol
uptake following a pressure step from O to 1 mbar in the
surrounding atmosphere.

4 Correlating molecular uptake with the actual
boundary concentrations

Relative molecular uptake (or release) up to a certain ob-
servation time follows by simple integration over the con-
centration profiles for the given instant of time. Thus, the
representations summarized in Sect. 3 provide the option to
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plot the boundary concentration as a function of the molec-
ular uptake. Before, in Sect. 5, we are going to subject our
experimental data to this procedure, in the present context
the thus attainable evidence shall be discussed on the basis
of the available analytical solutions. In most of the systems
considered in Sect. 3 (methanol in ferrierite or MOF), one-
dimensional diffusion is the by far prevailing mechanism.
Hence, in the analytical treatment we may restrict ourselves
to one-dimensional diffusion. Confining to the initial stage
of uptake and release, also for SAPO STA-7 diffusion pro-
ceeds essentially one-dimensionally, namely perpendicular
to the crystal faces. Moreover, it may be shown (Heinke
in preparation) that even by plotting the total uptake curves,
essentially the same patterns as for one-dimensional diffu-
sion result.

Assuming a constant diffusivity D and a constant surface
permeability «, the normalized concentration profile within



Adsorption (2007) 13: 215-223

219

(a) i
(b)
(c)
X/ um
U_
(d)

Fig. 5 SEM image of a typical (Mn(HCO3);) crystal with indi-
cated y-axis (a), scheme of the one-dimensional channel structure of
(Mn(HCO,),) along y-axis (b), crystal part (white dots at x =41 pum)
in which the profiles shown in Fig. 6b have been measured (c¢), and sim-
plified one-dimensional pore structure of (Mn(HCO>);) and the mea-
suring principle based on the observation of the interference pattern
between the light beams passing the crystal and the surrounding at-
mosphere (d) (Kortunov et al. 2007)

a host particle of length 2/ during molecular uptake is given
by the relation (Crank 1975)

o0 2 2
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Fig. 6 Evolution of two-dimensional concentration profiles (a) and
one-dimensional concentration profiles (b) in y-direction (near the
edge, x =41 pum) of methanol in a MOF crystal for a pressure step
of 0 — 10 mbar at selected times

Integration over the system in diffusion (i.e. y-) direction
from —/ to / yields
2. 2L exp(—B2Dt/12)
mO)=1-3 =
B+ L=+ L)B;

(©)

n=1

for the relative uptake at time 7. The implied constancy of
D and « effects that (1) and (3) hold for uptake from con-
centration zero as well as for any subsequent step, where
then (1) denotes the change in concentration rather than the
concentration itself. Equivalently, the corresponding expres-
sions for molecular release are just the sums in (1) and (3).
This may be easily rationalized by realizing that, as a conse-
quence of the implied constancy of D and «, the underlying
diffusion equation is linear. Hence, the simultaneous occur-
rence of adsorption and desorption has to leave the system
unchanged.

Figure 9 displays the correlation between the actual
boundary concentration (cg,) and the relative uptake (m)
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Fig.7 SAPO STA-7 crystal
with the three-dimensional pore
structure. The channel cross
sections of each channel are also
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Fig.8 Concentration profiles measured with IFM (viz. integrated con-
centration foz x c(x,y,z)dx) along y-direction (a) and z-direction (b)
in the centre of the crystal, this means z =19 um (a) and y = 15 pum,
respectively

at the corresponding instant of time, following from (1) for
y = —I or [ and (3). The ratio loe/D has been chosen as
the parameter of this representation. It represents nothing
else than the ratio tgifr/Tourr Of the exchange times (“first
moments” of the tracer-exchange, sorption or desorption
curves which, owing the implied constancy of D and o,
have to coincide). Thus, it turns out that with increasing
uptake the correlation plot very soon becomes a straight
line. Its intercept with the ordinate (in the following referred
to as w) varies strongly with the prevailing mechanism of
transport resistance. For dominating surface barriers (e.g. for
% %‘ = rthlj,ff = 1072), the total plot appears as a straight line
with no perceptible intercept with the ordinate. With increas-
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Fig. 9 Correlation between the actual boundary concentration (cgyf)
and the relative uptake (m) at the corresponding instant of time.
Three different cases are shown: the mass transport is essentially lim-
ited by intracrystalline diffusion (lov/D = 100), by surface barriers
(la/D = 0.01) and both by intracrystalline diffusion and surface re-
sistance (la/D =1)

ing influence of diffusion, this intercept becomes more and
more extended.

In the long-time limit (only considering the first sum-
mand), (3) may be easily combined with (1) at y = —[ or
[ yielding

2 2
csmf(t)=0(y=l,t)=1—ﬂ—1+ﬁ—1~m(t). “)
L L
Thus, the intercept w of the asymptote of the cgyrf-m-
correlation plot to the ordinate is found to be given by the
relation

2

1
w=1-——. 5

2 &)

In a qualitative way, from the representations of Fig. 9, the
reciprocal value of this intercept, w™!, is expected to indi-
cate the relevance of surface barriers for the overall process
of molecular exchange. The ratio of the quotient of the ex-
change times and the reciprocal value of w can be reformu-
lated to

Tourtdiff/Tdift 707 (1 — Bi/tan ﬁl>
Ssur+dill/ “dilt A A
Bi

w™! 4

(6)
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which results to be between 7% /12 22 0.82 and 1 for B vary-
ing in the range of 0 and 7 /2 (corresponding to a variation
of L = % = B tan B1 between 0 and oo, i.e. over all possi-
ble values). Therefore, the reciprocal value of the intercept
of the extrapolated linear part of the cgf-m-correlation plot
with the ordinate may be taken as an estimate of the fac-
tor, by which the presence of the surface barrier leads to a
prolongation of molecular uptake and release.

The equivalence of the ratio of the exchange times
Tourf+diff / Taifr and the reciprocal value of the intercept w!
(6) implies concentration-independent transport parameters.
In real systems, however, the transport diffusivity, as well
as the surface permeability, may depend on concentration.
However, as shown in (Heinke in preparation) with a huge
variety of different concentration dependencies for the trans-
port diffusivity and surface permeability, the reciprocal in-
tercept w™! may quite generally be taken as an excellent
estimate of the ratio Tyuf+diff / Tdiff -

5 Discussion of the measured concentration profiles

Figures 10, 11 and 12 provide a survey of the cgyrf-m-
correlation plots following from the transient concentration
profiles shown in Figs. 4, 6 and 8. A summary of the re-
sulting intercepts and the ratios Tyr+qif/ Taif resulting with
Tsurf+diff / Tdiff / w~! & 1 are presented by Table 1.

The factor Ty r1qir/Taiy by which the uptake or release
is prolongated by the surface resistance depends, apart from
the host-guest system, on the applied pressure step since the
transport parameters vary with concentration. During the ad-
sorption of methanol on ferrierite for a pressure step from 0
to 80 mbar, the uptake process is slowed down by the sur-
face resistance by only a factor of less than 2 (w = 0.55,
Fig. 10c) whereas, by the reduced surface permeability, the
corresponding process of desorption is prolongated by a
factor of approximately 10 (w = 0.9, Fig. 10f). The dif-
ferent behaviour of these two opposing transport processes
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Table 1

System Pressure step Interception w Tsurf-+diff | Tdiff
Methanol in ferrierite 0 — 10 mbar 0.55 1.8
Methanol in ferrierite 5 — 10 mbar 0.3 33
Methanol in ferrierite 0 — 80 mbar 0.55 1.8
Methanol in ferrierite 10 mbar — 0 0.78 =1 —0.22 (Des) 4.5
Methanol in ferrierite 10 — 5 mbar 0.7=1—0.3 (Des) 3.3
Methanol in ferrierite 80 mbar — 0 09=1-0.1 (Des) 10

Methanol in MOF 0 — 10 mbar 0.65 1.5
Methanol in SAPO STA-7 0 — 1 mbar 0.22 4.5
Methanol in SAPO STA-7 0 — 1 mbar 0.22 4.5

1.0 = »
o ® :l.__.. .
t * L ' -
Uw ™ )
= 084 e ®* ' m
o [ ]
2
[]
g =
S 064 . u
o
c
8 o "
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% ]
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.
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o 027 ]
@
=
=
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Fig. 11 Correlation between the actual boundary concentration (cgyrf)
and the relative uptake (m) at the corresponding instants of time for the
uptake of methanol by MOF manganese formate for a pressure step
from O to 10 mbar

is also visible from the intracrystalline concentration pro-
files. During the adsorption process the concentration pro-
files are curved which indicates a transport process limited
by intracrystalline diffusion whereas during the correspond-
ing desorption process the concentration profiles are flat.
This indicates that the surface resistance restricts the overall
transport process.

This opposing behaviour originates in the concentration
dependence of the transport parameters. In the considered
concentration range, the diffusivity of methanol in ferrierite
increases by about two orders of magnitude (Kirger et al.
2006) whereas the surface permeability changes by only a
small factor. Therefore, at high loadings the intracrystalline
diffusion is very fast and the transport process is limited by
the surface resistance whereas at low loadings the small dif-
fusivity limits the transport process. This causes the contrary
behaviour of adsorption and desorption at large pressures.

For the small pressure step from 5 to 10 mbar, adsorption
and desorption of methanol in ferrierite can be described

@ Springer

surf

(a)

1.0 ,-
0.84 /

0.6 an2?*’
ot
0.4 A
.‘...'
0.2 1

0.0+ J

00 02 04 06 08 10
relative uptake m

relative boundary concentration ¢

(b

71.0
2 08 ..__/
I l.’---
g 0.6 ot
5 -’
w2t
S 0.4 ot
> ot
S '
§ 0.2 ..I
8 00] ¢
= T T T T T T
s 00 02 04 06 08 10

relative uptake m

Fig. 12 Correlation between the boundary concentration integrated
over x(csurf) and the relative uptake (m) at the corresponding instants
of time for the uptake of methanol by SAPO STA-7 for a pressure step
from O to 1 mbar. The analysed direction is along y (a) and z (b)

very well with constant transport parameters, namely D =
8.1x107 B m?s landae =4.2 x 1078 ms~! (Kortunov et
al. 2005). This results in o/ D = 1.24. The intercept w of
the asymptote of the cgyf-m-correlation plot to the ordinate
is found to be 0.3 for adsorption and desorption (Figs. 10b
and 10e). With (2) and (5), this value of w leads to a ra-
tio la/ D = 1.21 which is in good agreement with the value
determined by microscopic analysis.

In Fig. 11 w is estimated to 0.65. This indicates that
mass transport of methanol in MOF manganese formate is
mainly controlled by intracrystalline diffusion, with a pro-
longation of mass transfer by roughly 50% due to the sur-
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face barrier. The ratio [«/ D is herewith calculated to be 4.9.
Microscopic analysis (Kortunov et al. 2007) reveals a con-
stant transport diffusivity (D = 1.5 x 107> m?s~!) and a
surface permeability increasing with increasing concentra-
tion. Using the mean surface permeability (o = fol a(c)de =
5.3 x 1077 ms"), l&/D follows to be 5.3. This is again in
very good agreement with the value determined from the
cgurf-m-correlation plots.

For methanol uptake by SAPO STA-7 the intersection is
determined to 0.22 for both the y- and z-directions (Fig. 12).
One has to conclude that here the uptake rate is significantly
impaired by existence of the surface resistances which pro-
longate the time by a factor of approximately 4.5.

6 Conclusion

Application of interference microscopy to monitoring tran-
sient sorption on nanoporous host guest systems provides
the option of a direct measurement of the evolving actual
boundary concentration (cgyf), Simultaneously with the to-
tal uptake (or release, m) of guest molecules up to this in-
stant of time. In this way, for the first time the generation
of “cqurf-m-correlation plots” has become possible. Follow-
ing a short theoretical analysis of the options which, for
constant diffusivities and surface permeabilities, may be de-
duced from such representations, for a number of host-guest
systems (methanol in zeolite ferrierite, MOF manganese for-
mate and zeolite SAPO STA-7) experimentally determined
correlation plots are presented. It is in particular observed
that, as a consequence of the dependence of the diffusivities
and surface permeabilities on the loading, the correlation
plots determined for adsorption and desorption may notably
differ from each other. This finding reflects that, as a con-
sequence of this concentration dependence, for one and the
same pressure step, performed in forward and backward di-
rection, i.e. during adsorption and desorption, respectively,
the relative influence of the transport resistances by diffu-
sion and surface permeation may be different. It is shown
that these differences may be directly correlated with the in-
fluence of the respective concentration dependences. Thus,
the cgurf-m-correlation plots turn out to be an attractive and
productive novel tool for analysing and interpreting transient
adsorption-desorption curves.
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