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Diffusion of water in the aluminophosphates AlPO-5 is studied using a combination of pulsed field gradient NMR and IR

microimaging. The concentration profiles measured by the latter allowed to visualize the process of water sorption and

propagation into the crystals of AlPO-5. The self-diffusion coefficients obtained by NMR were one order of magnitude

higher values compared to corrected ones from the IR microimaging study. The concentration profiles allowed to visualize

the process of water sorption and propagation into the crystals of AlPO-5. The obtained results are compared with experi-

mental and simulation data for the water/AlPO-5 system for the literature and discussed in the context of its potential use

for heat storage applications.
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1 Introduction

The supply of heat from regenerative sources is among
challenges that are yet to be solved as part of the energy
transition towards its higher sustainability [1]. There is also
a need for research and development in the storage of ther-
mal energy, which should be stored seasonally with as little
loss as possible. One possible way to accomplish this is to
utilize thermochemical storage systems, in which the heat is
stored through reversible physical-chemical processes of
adsorption and desorption [2, 3]. This topic focusing on the
adsorptive heat transformations is of growing interest for
heat storage, heat pumps and thermally driven cooling
[4–6]. By using solar or waste heat as energy source, such
systems can make a significant contribution to minimizing
primary energy consumption and greenhouse gas emissions
in buildings and industrial processes. In adsorptive heat
transformation, a working medium, preferably water, is
cycled in a closed system between a liquid phase and an
adsorbed phase. The adsorbents are generally solid micro-
and mesoporous materials. The heat of adsorption, which is
released during the adsorption of the working fluid in the
pore system, represents the waste heat in a cooling appli-
cation or the usable heat in a heat pump. In both cases, the
regeneration of the system requires a desorption of the
working fluid at higher temperature (> 338 K), for which,

e.g., solar energy or waste heat from industrial processes
can be used.

The systems using this technology were earlier built by
German companies and are currently available on the mar-
ket, mainly for (solar or waste heat) cooling (commercial-
ized, e.g., by Fahrenheit) [7] or gas heat pumps (commer-
cialized, e.g., by Vaillant). In these systems, zeolites or silica
gel are used as sorbents. The adsorption and desorption of
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the working medium in the system requires that the mole-
cules enter the pore system of the respective adsorbent. This
mass transport is a diffusion process. At the same time, heat
is released (or required) and must be supplied or removed
from the porous sorbent. Thus, the diffusive mass transport
and the heat transfer are coupled by the sorption processes.
Methods for understanding fundamental questions of
adsorption and diffusion of water in SAPO-34 (zeotype sor-
bent) crystallized directly on a porous fiber structure were
developed [8]. This contribution by Stallmach et al. repre-
sents a significant step towards understanding of water
diffusion in heat-storage materials. Benefitting from the
combined application of pulsed field gradient (PFG) NMR
and infrared microimaging (IRM), authors demonstrated
that corrected diffusivities determined by IRM during
adsorption and desorption and the self-diffusion coeffi-
cients derived from NMR diffusion studies are both inde-
pendent of water loading and about two orders of magni-
tude smaller than the diffusivity of liquid water at the same
temperature. Other promising sorbents have also been
investigated in terms of water sorption equilibria and
dynamics [9–11].

Previously, it was found that water diffusion in the com-
pact sorbent crystallite layer can be the dominant process in
such a sorption heat exchanger [12]. However, it was recog-
nized that the transport parameters differ by orders of
magnitude depending on the material and its configuration
in the sorption heat exchanger. The operation and the
possible improvement in performance of such sorption heat
exchangers require both profound knowledge of the diffu-
sion processes on the size scale of the microporous adsor-
bent crystallites and the micro- and mesoporous adsorbent
layer as well as well-validated macroscopic models, by
which the performance on the adsorption heat exchanger
level can be predicted.

The efficiency of the adsorption process is primarily
determined by the density, the pore geometry and the acces-
sibility of the framework of the sorbent used, the interaction
energy with the sorption sites on the pore walls and the
thermophysical properties such as heat capacity and ther-
mal conductivity [13]. It is further influenced by the
support structure on which the active sorbent is applied and
by the available temperature boundary conditions. Com-
mon technologies with regard to the adsorption heat
exchanger are either loose packing or binder-based coatings
in finned or finned tube heat exchangers, state of the art is
direct growth of aluminophosphate layers by partial support
transformation (PST) on dedicated heat exchangers.

In addition to aluminophosphates and zeolites [6, 14–17],
which are highly interesting from an industrial point of
view for heat storage applications, metal-organic frame-
works (MOFs) are attracting more and more attention
because of their high specific pore volume and chemical
diversity [11, 12]. However, different MOFs show either a
continuous or a sudden structural change of the crystal
framework caused by water adsorption. Because of these

so-called ‘‘breathing’’ or ‘‘gate-opening’’ effects, the adsorp-
tion and diffusion mechanisms in such materials are of
particular interest, but highly demanding in terms of exper-
imental and theoretical description. From the large variety
of proposed and synthesized MOF structures, the water-
stable iron or aluminum trimesate MIL-100(Fe,Al),
CAU-10-H, MIL-101(Cr) were identified as a particularly
promising representative for adsorptive heat conversion
[18, 19].

For a number of related microporous adsorbent materi-
als, such as zeolites, there have been developed experimental
[13–15] and theoretical [16] methods to characterize the
diffusion of guest molecules. Kärger et al. succeeded to
utilize the PFG NMR to measure the self-diffusion of water
and Li-ions in meso- and macroporous glasses and in
microporous LSX zeolites [20, 21]. Molecular dynamics
(MD) simulations and experimental studies performed
using PFG NMR and IRM were combined to elucidate the
diffusion of carbon dioxide and methane as a function of
loading in ZIF-8 [22, 23].

In this contribution, the diffusion of water in crystals of
microporous aluminophosphate AlPO-5 was probed by
PFG NMR and IR microimaging. Measurements at different
temperatures allowed determination of activation energy
for diffusion. Results obtained by these two techniques are
compared and discussed in the context of heat storage
applications.

2 Experimental

2.1 Preparation and Characterization of AlPO-5
Materials

Since traces of iron are known to reduce relaxation times in
PFG NMR measurements, special care was taken in order
to keep traces of iron in the sample as low as possible by
using newly purchased glass equipment and Teflon stirrers,
non-metal spatulas, and thoroughly cleaned Teflon liners in
the autoclave. AlPO-5 was crystallized on aluminum plates
(Alloy EN AW-1050A) using the PST method. The synthe-
sis procedure was developed by Fahrenheit GmbH [49].
32.0 g of phosphoric acid (85 %, Brenntag) were diluted in
327.0 g of deionized water under stirring. Then 31.9 g of
triethylamine (TEA, 99 %, Büfa) were slowly added under
vigorous stirring. 36.33 g of deionized water were added,
and the mixture stirred for at least 15 min. The resulting
molar ratio was 1 P2O5 : 2.25 TEA : 150 H2O. Ten alumi-
num plates (each 60 ·60 ·1 mm) were cleaned with ace-
tone/i-propanol (50:50) and dried at room temperature.
The plates were placed vertically into a Teflon-lined
1-L-autoclave. The synthesis mixture was added and the
hydrothermal synthesis was performed at 463 K for 20 h.
After cooling down of the autoclave, the plates were cleaned
with deionized water. The excess powder was filtered and
washed with deionized water. After cooling down of the
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autoclave, the plates were cleaned with
deionized water. The excess powder was
filtered and washed with deionized water.
An additional batch of AlPO-5 crystals
were prepared according to procedure
described in [24] for NMR experiments
to check reproducibility of diffusion data
and having possibility to compare it with
already reported diffusivities obtained by
quasielastic neutron scattering elsewhere
(QENS) [25] on the same kind of alumi-
nophosphates.

AlPO-5 powder was synthesized fol-
lowing the synthesis procedure of [26].
Pseudoboehmite (Apyral) was used as
the aluminum source. 44.37 g Apyral
were added to 269.35 g of deionized
water and stirred for 1 h. Then 85.0 g
phosphoric acid were added to the mix-
ture and stirred for another 30 min.
56.5 g TEA and 29.93 g deionized water were added while
cooling the beaker in a water bath. The resulting molar ratio
was 1 Al2O3 : 1 P2O5 : 1.5 TEA : 50 H2O. After stirring for
another 2 h, the synthesis mixture was transferred to a Tef-
lon-lined 1-L-autoclave and heated to 453 K for 36 h. The
resulting powder was filtered, washed with deionized water
and dried at room temperature.
Plates were calcined (thermal removal of the template) at
823 K whereas powder was calcined at 873 K. AlPO-5 mass
on the supports was estimated by the mass loss during calci-
nation. Crystal phase was confirmed by X-ray diffraction.

Prior to diffusion measurements, AlPO-5 crystals were
analyzed by energy dispersive X-ray spectroscopy on the
scanning electron microscopy (SEM-EDX). Fig. 1 shows
SEM images of the successfully synthesized crystals, which
exhibit the characteristic AlPO-5 rod-shaped morphology.
No iron could be seen by EDX analysis within the detection
limits corresponding to ~0.01 wt % (Fig. 2).

2.2 Sample Preparation for Diffusion
Measurements and Conduction of Diffusion
Experiments

The PFG NMR studies were done using a home-built spec-
trometer operating at 100 MHz for protons and equipped
with a pulsed magnetic field gradient unit. For diffusion
experiments, the stimulated spin-echo pulse sequence was
employed. With this technique, the process of molecular
propagation in the direction of the applied magnetic field
gradient is monitored during the observation time
t = (D – d/3) ms, where D = 10 ms is a separation between
two gradient pulses. Other experimentally relevant parame-
ters were separation between first two 90� radio-frequency
pulses t = 1.2 ms and the duration of the gradient pulses
d = 0.8 ms. The materials under study, which were placed in
NMR glass tubes, were first dried for 6 h at 473 K then kept
in contact with the vapor of deionized water (Sigma-
Aldrich, ultrapure) overnight at 298 K at a pressure of
~3 kPa corresponding to P/Ps = 0.7 for water. In this way,
loading of the pores by gas adsorption was ensured and the
amount of adsorbed water corresponded to a relative pore
filling of ~1. Preparation of samples at lower loadings was
prohibited by too low vapor pressure to achieve reproduc-
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Figure 1. SEM images of AlPO-5
crystals at different magnifications.
Single crystals with an average size
of 5 ·100mm are visible.

Figure 2. SEM-EDX spectrum of AlPO-5 crystals presented in Fig. 1. The inset shows a
selected area used for analysis.
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ible water loadings inside NMR tube. Thereafter, the probes
were sealed.

Analysis of NMR attenuation curves is done using a two-
exponential function [27]: Y = pintra � exp (–g2g2d2tDintra) +
(1 – pintra) � exp (–g2g2d2tDinter), where Y is a measured
NMR signal normalized to its maximum value observed in
the absence of applied gradients g, g is a gyromagnetic ratio
of 1H nuclei, pintra is a pre-exponential weighting factor,
Dintra and Dinter represent self-diffusion coefficients of
slower and faster diffusing water molecules. The fitting
procedure was performed varying parameters pintra, Dintra

and Dinter until the fit is converged.
To characterize the transport properties of water in the

AlPO-5 material a series of IRM and IR micro-imaging
measurements was performed. IRM is based on following
the intensity of characteristic IR bands of the guest mole-
cules. According to Beer-Lambert law, the absorbance is
proportional to the concentration of the absorbing material,
e.g. water molecules. In this work a Bruker Hyperion
3000 IR microscope attached to a FT-IR spectrometer
(Bruker Vertex 80v) was used [28]. The AlPO-5 material
was studied as individual crystals, in small agglomerates of
individual crystals and as layered material (Fig. 3, top). For
the measurement, typically a few dozens of crystals or a
small piece of supported layer was introduced into the IR
vacuum cell, attached to a vacuum system and outgassed
under vacuum (< 10–3 Pa) at 723 K for at least 18 h (heating

rate 1 K min–1). After cooling of the sample the vacuum cell
was mounted on the motorized stage of microscope by
keeping the crystals under vacuum. The adsorption or
desorption experiments were started by step changes in the
gas phase surrounding the crystals (water molecules with-
out any carrier gas). The time evolution of the characteristic
IR bands was recorded as integral signal using the single-
element (SE) detector. In this work, the band area was
calculated in the range of 3200–3550 cm–1 (Fig. 3, bottom
left and middle). Implying the Beer-Lambert law, this area
corresponds to the time evolution of the concentration of
the absorbed water molecules and by plotting the normal-
ized area over time integral uptake curves are obtained
(Fig. 3, bottom right). The uptake curves were fitted by the
solution of Fick’s 2nd law for diffusion-limited uptake in a
parallel sided slab (Fig. 3, bottom right) to obtain the trans-
port (Fickian) diffusivity DT [29]:

cnorm tð Þ » Anorm tð Þ ¼ A tð Þ � A0

A¥ � A0
¼

1� 8
p2

X¥

n¼0

1

2nþ 1ð Þ2
exp � 2nþ 1ð Þ2DTp2t

l2

 ! (1)

with l as length of the crystal (channel length). The first 100
terms were included in the fit.

In addition, time resolved measurements were also
performed using the Focal Plane Array (FPA) detector
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Figure 3. Microscopic images of the different AlPO-5 samples used in IRM studies of water transport (from top
left to right): individual crystals (sample 1; length ca. 80 mm), agglomerates of crystals (sample 2; average length
ca. 30 mm) and intergrown layers (layer sample; layer thickness ca. 40 mm). All samples were introduced into an
IR quartz glass vacuum cell for the measurements (visual image, right end). From the time-evolution of charac-
teristic IR bands integral uptake curves are obtained and fitted by a solution of Fick’s 2nd law for diffusion in
one-dimensional channels (bottom left to right).
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(effective pixel size 2.7 · 2.7 mm2). Each detector element
records an IR spectrum, from which by integration images
of the local distribution of the guest molecules can be calcu-
lated (see Fig. 7).

3 Results and Discussion

3.1 Water Diffusion in AlPO-5

Fig. 4 demonstrates diffusion attenuation curves measured
for water in AlPO-5 at full loading at 298 K and 323 K using
PFG NMR spectroscopy. It is worth noting that multiply
previous attempts with AlPO-5 samples synthesized accord-
ing to standard synthesis procedure described in, e.g., [30],
failed due to too short NMR relaxation times of water pro-
tons in the sub millisecond region, presumably due to resid-
ual iron content in the aluminum source.

In the investigated field gradient range, it was observed
that the diffusion attenuation curves follow a non-exponen-
tial decay fitted with a suitable bi-exponential function. In
this case a model was applied that takes into two account
ensembles of water diffusing inside and outside crystals,
with respective diffusivities Dintra and Dinter, accordingly.
Unfortunately, moderate signal-to-noise levels did not allow
to analyze the diffusion anisotropy by application of powder

averaged spin-echo attenuation expression for unidimen-
sional systems, as described in, e.g., [31] (Eq. 1) or [32]
(Eq. 3), since anisotropic one-dimensional diffusion inside
the channels of AlPO-5 can be expected. Instead, here one
obtains the averaged value for the self-diffusion coefficient
of water inside crystals resulting in (3 ± 1) = 10–11 m2s–1 at
298 K and (7 ± 2) = 10–11 m2s–1 at 323 K. This corresponds
to a slow down by almost two orders of magnitude com-
pared to the free liquid [33]. Such a significant decrease of
water mobility with respect to bulk free water is caused by
the pore confinement being of comparable size with ad-
sorbed water molecules. The value at 298 K appeared to be
very close to the one obtained by QENS in a single experi-
mental report on direct measurement of water diffusivities
in AlPO-5 reported previously [25]. Under similar con-
ditions (295 K and full hydration), authors reported
(3.45 ± 0.2) = 10–11 m2s–1, being also consistent with trans-
lational diffusion coefficient of (2.4 ± 0.2) = 10–11 m2s–1 esti-
mated previously using molecular dynamic simulations for
zeolite of a similar structure [34].

Interestingly, in a rich set of data reported over a period
of few decades by groups of J. Kärger and H. Jobic on
various adsorbate-zeolite systems, the diffusivities seen by
neutron scattering were often higher, which was attributed
to orders of magnitude smaller length scale typically probed
by this technique compared to PFG NMR when the same
guest-host system is used [35–41]. Thus, larger molecular
displacements seen by latter technique contain impact of
structural imperfections of the framework or even crystal
defects on molecular transport. In this contribution, from
proximity of diffusivities obtained here and in [25] one may
conclude that on the scale of ~1 mm corresponding to a
root mean square displacement of water at 298 K, no signif-
icant impact of defects on water diffusion is observed.

The self-diffusion coefficients presented as a function of
the inverse temperature (Fig. 4b) resulted in an estimated
apparent activation energy for diffusion of (27 ± 2) kJ mol–1.
This terminology is needed to emphasize that it is deter-
mined using only two values of measured self-diffusion
coefficients Dintra. This value is about 15 % smaller than the
activation energy estimated by IRM for small loadings in a
Fahrenheit synthesized film sample (see Fig. 5, left). At the
same time, the self-diffusion coefficients measured by PFG
NMR are about one order of magnitude higher than the
values estimated as corrected diffusion coefficients for high
loadings using IRM (Fig. 5, right). The corrected diffusiv-
ities D0 were calculated from transport (Fickian) diffusivity
DT and the thermodynamic factor G obtained from the
equilibrium sorption isotherms by using the equation
D0 = DT/G = DT�d(ln c)/d(ln p) [29]. This equation, which
is often referred to as ‘‘Darken equation’’, results from com-
paring the Fickian approach to diffusion with a more funda-
mental approach based on the work of Maxwell, Stefan and
Einstein, in which the chemical potential is considered as
driving force for molecular fluxes. Here, G is defined via the
fugacity f by G = ¶(ln f)/¶ (ln c) and the corrected diffusivity
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Figure 4. a) Diffusion attenuation curves measured for water in
AlPO-5 at 298 K and 323 K. Solid lines represent a bi-exponential
fit of the signal with respective diffusivities inside (Dintra) and
outside pores (Dinter). b) Values of Dintra plotted as a function of
reciprocal temperature with the dashed line connecting them.
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is identical to the Maxwell-Stefan diffusivity for single com-
ponents [29, 42]. By neglecting deviations from the ideal gas
law (which are in fact insignificant at the given tempera-
tures and pressures), the fugacity may be identified with the
partial pressure and thus G can be calculated directly from
the equilibrium sorption isotherm [29]. Due to correlation
effects, it can be assumed that the corresponding self-diffu-
sion coefficients are even slightly smaller than the corrected
diffusion coefficients.

While the activation energies determined by PFG NMR
and IRM are in a good agreement, the differences in the dif-
fusion coefficients may indicate the existence of defects on
the scale of few tens of micrometers, i.e., not achievable in
the PFG NMR experiment due to short relaxation times
preventing longer observation times. Bottlenecks in the
channels (e.g. "stacking faults" as in MOR zeolites) would
be conceivable, either as a specific feature of the crystals, or
with a distance significantly above the typically achieved

molecular shifts in PFG NMR measurements. The existence
of bottlenecks might also contribute to slightly higher acti-
vation energy for diffusion found in the IRM measure-
ments. A similarly high activation energy was estimated
previously for water in SAPO-34 with a limiting window
diameter of approx. 0.4 nm [8].

The IR absorbance data were calibrated by comparing
equilibrium adsorption isotherms measured by gravimetric
uptake and IRM (Fig. 6, left). While good agreement at low
and intermediate loadings is observed, the IR signal notable
underestimates the water loading at higher pressures due to
saturation effects of the IR band and intermolecular inter-
actions causing deviations from the Beer-Lambert law.
Interestingly, a hysteresis loop occurs when following the
desorption branch of the isotherm. Similar feature was
observed before in this system in other experimental studies
[25]. Complementary studies using density functional
theory calculations combined by Rietveld refinement of

Chem. Ing. Tech. 2023, 95, No. 11, 1748–1757 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 5. Temperature dependence of the diffusion coefficients for water in AlPO-5 estimated at low load-
ings (< 0.01 g g–1) by IRM. Assuming Arrhenius behavior, the result is a comparatively high activation energy
EA of approx. 31 kJ mol–1 (left). The corrected diffusion coefficients D0 estimated from IRM and gravimetric
isotherm data exhibit a pronounced and essentially linear decrease with increasing loading (right).

Figure 6. Equilibrium sorption isotherms of water in AlPO-5 at 301 K, measured by gravimetric uptake and IRM (left). Loading depen-
dence of transport diffusivity DT calculated from the IRM uptake data by implying diffusive uptake in 1d channels (right). The S-shaped
isotherm causes a broad maximum larger than unity of the inverse thermodynamic factor 1/G = d(ln c)/d(ln p).
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measured XRD patterns and molecular simulations revealed
phase changes in the AlPO-5 structure which may explain
the observed sorption hysteresis [43]. It was concluded that
upon water uptake the aluminum coordination changes
(from 4-coordinated tetrahedra to 6-coordinated octahedra
and 5-coordinated bipyramids). The involved structural
changes require some energy to overcome the barrier to the
other phase. On adsorption-desorption cycles the corre-
sponding pressures (chemical potentials) are difference and,
hence, a hysteresis loop is observed. The authors also
reported that the structural change is associated with a
decrease in the self-diffusivity by about two orders of mag-
nitude.

The uptake rates measured by IRM also slow down by
about two orders of magnitude as the steep part of the
isotherm is approached (Fig. 6, right). Qualitatively similar
trends have been observed previously in systems, where
intermolecular interactions of the adsorbed molecules were
exceeding their interactions with the host lattice [44].
Indeed, the estimated corrected diffusivities D0 apparently
follow a linear decrease with loading (Fig. 6, right), if the
values at water loadings around 0.025 g g–1 are ignored. A
linear decrease of the corrected diffusivity is often observed
in pore structures with 1d channels [42]. Hence one may
argue that the slowdown is mainly a consequence of adsorp-
tion thermodynamics which is accounted for by the ther-
modynamic factor.

However, we believe that the local drop of D0 in the load-
ing region of 0.025 g g–1 is not just an artifact but the conse-
quence of the onset of a water loading dependent structural
transformation (phase transitions) of the AlPO-5 structure
[43]. The equilibrium loading reached in these experiments
was close to, but not yet in the steep part of the isotherm
(see e.g. full star symbol at 0.76 kPa in Fig. 6 left), hence the
corresponding thermodynamic factor is close to 1 (see Fig. 6
right). Upon phase transition, the equilibration of water
uptake is then influenced by water transport and by rear-
rangements of the water molecules and of the host lattice
required to approach the energetically most favorable con-
figurations, i.e., by the progression of the phase change.
This effect is not taken into account by the model used to
calculate the transport diffusivities and, hence, appears as
local minima in the plots of D0.

This interpretation is supported by the finding that
desorption rates were remarkably slowed down compared
to adsorption steps at the same loading. While diffusion
theory prescribes ad- and desorption curves to be mirror
images (for differential loading steps), the absence of this
feature indicates that other processes than diffusion are
involved – and that the reported values for DT and D0

require a careful interpretation and are better understood as
‘apparent’ diffusivities.

Another peculiarity of the water transport inside AlPO-5
crystals could be observed in IR imaging measurements.
The individual crystals apparently consist of two optically
indistinguishable halves with different properties in terms

of guest adsorption and diffusion. Although it is known
from the literature that AFI type zeolite crystals often con-
sist of several segments [45–48], significant differences in
the adsorption and diffusion properties with an asymmetri-
cal distribution within individual crystals are unknown to
date.

Fig. 7 shows a series of images recorded at different times
during water uptake (top part) and cuts of the transient
water loading along the c-axis (z-direction) of the crystal
(bottom part). The images show the color-coded signal
intensity obtained by integrating the IR spectra (see Fig. 3
bottom left and middle) of each detector element. This
intensity is assumed to be proportional to the local water
loading; blue corresponds to zero loading, purple to high
loadings. From these images one-dimensional profiles were
obtained by plotting the signal in the center along the (lon-
gitudinal) z-axis of the crystal. By dividing the profiles with
the equilibrium profile at t = 886 s normalized profiles were
obtained. This representation directly compares the relative
changes in the local concentration. It is seen that the left
part of the crystal (for z from 0–40 mm) is filled in about
1 min (60 s), while the right half of the crystal (for z from
40–80 mm) equilibrates in only 5 min (300 s). In both crystal
parts the transient water loading profiles exhibit a distinct
curvature, which is typically observed in diffusion-limited
uptake processes – just with a significantly slower water
transport in the right half. These differences in the crystal
parts might be attributed to an interplay of variations in the
local composition, phase changes and/or different concen-
tration of defects (stacking faults), whose existence the dif-
ferences between PFG NMR and IRM diffusion data point
to. Due to the pronounced diffusion fronts (curved profiles)
it can be concluded that such defects are randomly distrib-
uted in the channels and are averaged out by the large num-
ber of channels on the scale of the spatial resolution of IRM
(about 3 mm).

Both crystal parts show similar differences in the desorp-
tion rates for desorption steps from high towards low load-
ing. Interestingly, for adsorption steps in the low loading
range no differences in the water mobility could be evi-
denced in both crystal parts, however the equilibrium load-
ing in the left half of the crystal was about 5 times higher
than in the right part. Obviously, the differences in the
water mobility are not just caused by steric hindrances and
also involve an interplay with the structural changes of the
AlPO-5 lattice.

To estimate the (apparent) diffusion coefficients in both
crystal areas, uptake curves for both halves of the crystal
were plotted separately and fitted using the analytical
solution of Fick’s 2nd law for one-dimensional diffusion,
taking into account the diffusion currents (i.e., the effective
channel length). In this way, diffusion coefficients were
determined for the faster half, which were approximately
10–25 times greater than for the slower half (Fig. 8). The
averaged diffusivities are in good agreement with those
calculated in previous section from integral uptake.
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Interestingly, this factor of 10–25 roughly corresponds to
the difference predicted by MD simulations for the diffusion
coefficients in AlPO-5 in different framework phase states

[43]. However, since the mass transport in the IRM mea-
surements is most likely dominated by defects, it remains to
be clarified if phase changes of the regular lattice can have
an equivalent influence on IRM diffusivities. If phase
changes are involved it also has to be clarified why the two
crystal halves behave differently with regard to phase
changes.

4 Conclusions

This contribution presents the first direct observation of
water diffusion inside crystals of AlPO-5 by means of PFG
NMR and IRM. Combination of these two techniques in a
complimentary way enables quantification of the propaga-
tion of water on the industrial-relevant time- and length
scales, i.e., from milliseconds to seconds and from 1 to
100 mm. The water self-diffusion coefficients inside AlPO-5
crystals probed by PFG NMR revealed a very good agree-
ment with previously reported data from quasi-elastic neu-
tron scattering suggesting absence of structural defects on a
scale of ~1 mm. However, further studies by IRM resulted
in values of corrected diffusivity approximately one order of
magnitude lower at comparable hydration levels and

Chem. Ing. Tech. 2023, 95, No. 11, 1748–1757 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 7. IR imaging of water ad-
sorption in a single AlPO-5 crystal
(length ca. 80 mm) for a large load-
ing step at 301 K (top). The approxi-
mate dimensions of the crystal are
included as dashed box as guide for
the eye. The one-dimensional rep-
resentation of sections normalized
to the final profile along the longi-
tudinal axis of the crystal (bottom
right) clearly shows that the left
half of the crystal is already com-
pletely filled after 1 min, while this
is the case in the right half of the
crystal only after about 5 min.
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Figure 8. Comparison of the diffusion coefficients of water in
two different AlPO-5 crystals estimated from the IR imaging
measurements with the data from previous integral uptake
measurements. Both halves of the crystal were evaluated sepa-
rately for each measurement, with the ratio DT,fast/DT,slow being
in the range of 10–25. The mean values from imaging agree
very well with the data from integral uptake.
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temperature. This observation is attributed to the existence
of defects on the length scale of few tens of micrometers,
being important for heat storage systems utilizing AlPO-5
crystals of this size or larger.
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Symbols used

A [a.u.] IR absorbance
c [g g–1] concentration of guest molecules

inside the porous material
DT [m2s–1] transport (Fickian) diffusivity;

indices ‘fast’ and ‘slow’ refer to local
diffusivities inside AlPO-5 crystals
estimated from IRM experiments

D0 [m2s–1] corrected (intrinsic) diffusivity;
identical to Maxwell-Stefan
diffusivity for single components

Dinter [m2s–1] intercrystalline self-diffusivity, self-
diffusivity in the crystal bed/voids
between the crystals

Dintra [m2s–1] intracrystalline self-diffusivity,
self-diffusivity inside the pores of
crystals

EA [kJ mol–1] activation energy for diffusion
g [T m–1] applied field gradient in NMR

l [m] crystal lengths
p [Pa] pressure
pintra [–] fraction (0 £ pintra £ 1) of

molecules in the intracrystalline
pore space

T [K] temperature
t [s] observation time

Greek letters

D [ms] separation between two gradient
pulses in NMR

d [ms] duration of the gradient pulses in
NMR

G [–] thermodynamic factor
g [C kg–1] gyromagnetic ratio of nuclei
t [ms] separation between first two 90�

radio-frequency pulses in NMR
Y [a.u.] NMR signal normalized to its

maximum value

Abbreviations

AlPO-5 aluminum phosphate 5, zeolite with AFI-type
structure

IRM infrared microscopy, infrared microimaging
PFG NMR pulsed field gradient nuclear magnetic

resonance
SEM-EDX scanning electron microscopy with energy

dispersive X-ray spectroscopy
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