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ABSTRACT

In this contribution, we apply time-resolved X-ray tomography to study drying of water in
porous ceramic substrates used in emission control technologies. A time resolution of 2s is
achieved, and allows to observe the spatiotemporal distribution of water in structured por-
ous materials. An image processing framework based on machine learning is introduced to
track pore emptying and filling in a large number of 3D scans. Drying curves are extracted
from the tomographic data to investigate drying in materials with different structural prop-
erties. Water redistribution by capillary pumping and rapid pore emptying by Haines jumps
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are observed, and their impact on drying dynamics is discussed. The relationship between
the evolution of water clusters and different drying regimes is established. The obtained
information on the interplay between pore emptying, water redistribution and the size of
water clusters provides an important link between the structural properties of dried materi-

als and their drying rate.

Introduction

Drying is a common unit operation used to control
material properties in many industrial applications,
including food, pharmacy, catalysis, ceramics, wood,
building materials and sludge processing.!") However,
drying is an energetically highly intensive process,
which amounts to 10-25% of the total industrial
energy usage in most developed countries.!>?
Environmentally-friendly ~drying technologies are
being developed to reduce energy demand in order to
address the challenges related to climate change, lim-
ited amounts of natural resources to produce energy,
and the steep increase in energy consumption particu-
larly in developing countries.! An optimal drying
technology aims to deliver a high-quality product with
a minimal energy input.

A prime illustration of the importance and impact
of the drying process can be found in the field of het-
erogeneous catalysis, where reactor structuring from
nanometers to millimeters represents an elegant path-
way to process intensification.”] A  well-known
example is a catalytic monolith reactor for air

pollution control from mobile and stationary sour-
ces.!® During the manufacturing process of a catalytic
reactor, liquid is often removed from the porous
structure by drying. Industrially established operations
include deposition of active nanoparticles into a high
surface area solid framework!”) and coating of an
active material on porous substrates such as monoliths
and foams.'®?! Conditions applied during the subse-
quent drying step influence the quality of the final
product and thus its functionality.!'*~*?!

Two different stages of drying with a distinct time-
dependency of the
observed.''® In the first stage, the evaporation rate
per unit area of the drying surface is independent of
time. Hence, the regime is termed the constant rate
period (CRP). The CRP is maintained as long as the
liquid is wetting the outer surface of the material and
the liquid vapor is being constantly removed. In the
second stage of drying, the so-called falling rate period
(FRP), the liquid meniscus recedes deeper into the
pores of the material. The rate of evaporation
decreases over time and the surface temperature rises

drying rate are commonly
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above the wet bulb temperature. As the meniscus is
driven into the pores, the capillary flow of liquid to
the outer surface slows down and the liquid is
removed only by diffusion of its vapor. Both stages of
drying are controlled by the structural properties of
the material to drive the liquid or vapor toward the
external surface. Behind this seemingly simple descrip-
tion of drying, a multi-phase, multi-scale and multi-
physics problem is hidden. Extensive work has been
carried out to understand heat transport processes
between solid, liquid and gas phases occurring at mul-
tiple spatial and temporal scales.*'*'*! The aim of
such efforts is to predict drying rates from the know-
ledge of structural properties of the material to be
dried, including pore size and shape, pore connectivity
and contact angle.!'*2!

The development of predictive modeling tools to
capture the structure-drying relationship requires
access to experimental information about the proc-
esses, which occur inside a complex pore structure.
Direct observation of water removal in 4D (space and
time) provides an invaluable insight into the mechan-
ism of drying. Several imaging techniques, including
nuclear magnetic resonance, neutron and X-ray tom-
ography, have been applied to observe drying nondes-
tructively in porous structures. Magnetic resonance
imaging (MRI) provides a spatially resolved measure-
ment of moisture content.?"??) However, the cur-
rently achievable spatial resolution of MRI (typically
hundreds of um) does not allow to observe moisture
in individual pm-sized pores.”*®! This is an important
requirement, as many industrially relevant materials
contain pores in micrometre size range.[24"26]
Neutrons are very sensitive to hydrogen, which makes
neutron imaging an interesting tool to investigate
water distribution in porous materials. Also, neutron
imaging achieves a higher spatial resolution of up to
15 um/pixel compared to MRL!”! Neutron radiog-
raphy (2D images) was successfully used to investigate
drying in real time.*®*! However, neutron tomog-
raphy is not practical to investigate water drying due
to its long data acquisition times and consequentially
low temporal resolution on the order of hours.!*"
Laboratory-based X-ray tomography (XRT) was used
to investigate the water distribution in drying-related
applications.”"*?! Classical XRT is based on X-ray
attenuation contrast, which was demonstrated to
image water in large cavities and pores on the scale of
hundreds of um.[33] However, resolving pure water
confined in pm-sized pores of a solid structure is
challenging due to its small X-ray attenuation coeffi-
cient,’* and currently beyond the capabilities of

laboratory-based XRT. To overcome this limitation,
contrast agents in the form of soluble salts, Cal or KI,
can be added to the water to increase water contrast
in such small pores.*”! Prior to using these additives,
their impact on water properties, including surface
tension, density and viscosity, should be considered.
In addition, undesirable precipitation of the salt dur-
ing drying should be also taken into account.

Imaging of pure water in pm-sized pores has become
possible with the availability of partially coherent beams
at synchrotron sources and the development of X-ray
phase contrast imaging.[34] Information about the
refractive index of a material can be obtained in add-
ition to its attenuation coefficient, which can be used to
enhance the contrast of weakly absorbing phases.’***”!
The phase contrast modality takes the advantage of
stronger refractive effect compared to attenuation.*®
Furthermore, the high intensity of synchrotron radiation
enables tomographic scanning with high acquisition
speeds. Synchrotron-based X-ray tomography is thus
currently the only imaging technique capable of captur-
ing the dynamic evolution of multiphase systems with
micrometre-scale spatial and second-scale temporal
resolutions.***"!

In this contribution, we apply time-resolved X-ray
tomography to observe the drying of water in porous
cordierite, silicon carbide and aluminum titanate
monoliths used in emission control technologies. The
monoliths consist of parallel channels separated by
porous walls. They are commonly manufactured with
a variety of structural and material properties to meet
the required functionality in different mobile and sta-
tionary applications.'*!! The main aims of this contri-
bution are (i) to demonstrate that a direct observation
of water drying in complex structures by XRT is
experimentally achievable, (ii) to develop an image
processing framework based on machine learning to
track pore emptying and filling in a large number of
3D scans, (iii) to extract drying curves from the tomo-
graphic data, and (iv) to discuss similarities and dif-
ferences of the drying process in the studied materials,
including water redistribution by capillary pumping,
rapid pore emptying by Haines jumps, and the evolu-
tion of water clusters. The purpose of this work is to
enable a direct investigation of the relationship
between structural properties of a medium and its
drying rate via 4D (space and time) imaging.

Materials and methods

Drying of water was studied in three ceramic samples
with monolithic channel structures and porous walls.
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Table 1. Structural properties of ceramic monoliths. Average pore size and porosity were obtained by mercury intrusion porosim-

etry (MIP) and X-ray tomography (XRT).

Average pore size (o) Porosity (%)

Sample Channel density (cpsi) Wall thickness (um) Channel size (mm) MIP XRT MIP XRT
Cordierite 300 210 1.25 204 248 63 59
Silicon carbide (SiC) 260 315 1.30 and 0.9 18.7 21.5 56 52
Aluminium titanate (AT) 360 280 1.40 and 0.8 17.8 20.5 58 50

Asymmetric structures consist of two different channel sizes compared to the symmetric monolith whose channels are all of the same size, Figure 4.

The samples are labeled according to the material
they are made of: cordierite (Mg,Al,SisO,5) as cordier-
ite, silicon carbide (SiC) as SiC and aluminum titanate
(AL TiOs) as AT. The geometrical and structural prop-
erties of the samples are summarized in Table 1. The
ceramic samples differ in the size of their monolith
channels and the wall thickness. Cordierite exhibits a
symmetric channel geometry (a single channel size),
while SiC and AT represent asymmetric geometries
(two different channel sizes). The structural proper-
ties, such as average pore size and porosity, were eval-
uated from mercury intrusion porosimetry (MIP) and
X-ray tomography (XRT). A relatively small variation
of average pore size and porosity was found between
the samples.

Prior to the XRT study of the drying process,
cross-section scanning electron microscopy (SEM) was
used to obtain high resolution 2D images of the cer-
amic structures. Sections of each sample were cut out,
mounted in epoxy resin and polished using diamond
foils and colloid silica. The surface was then sputtered
with a several nanometer thin layer of gold to prevent
local charging. The specimens were scanned using a
Tescan VEGA 3 SBU microscope and the backscat-
tered electron (BSE) signal was used to achieve a
higher contrast of the phases.

The samples were further characterized by mercury
intrusion  porosimetry using a Quantachrome
PoreMaster 33 device. Approximately 1-2cm’ of the
sample was placed in a measurement cell, degassed
and filled with mercury. Subsequently, the pressure
inside the cell was increased step-wise from 3 to
60,000 psi (ca. 20kPa to 414 MPa) and the mercury
intruded the pores of the sample. Pore diameters were
calculated from the applied pressure by Washburn
equation. Using this method, the porosity and pore-
size distribution in the range of 3nm-100um
were determined.

Drying of water from the ceramic samples was
investigated in 4D (time & space) by synchrotron-
based X-ray tomography at the TOMCAT beamline
(Swiss Light Source). A cylindrical segment, 12 mm in
diameter and 20mm in length, was cored from the
monolith structure and wrapped in Teflon film.

Subsequently, the sample was fixed into an aluminum
holder mounted on a rotating stage, Figure 1. Prior to
the drying experiment, the sample was filled with
deionized water using a plastic pipette and the sample
rotation was initiated at 180 degrees/s. Then two air
heaters with a diameter of 25mm (LE MINI from
Leister) set to a constant temperature of 90°C were
moved into position at opposite sides of the sample.
The rotating sample was thus heated simultaneously
from two sides at the center of the monolith section.

Polychromatic X-ray radiation originating from a
29T bending magnet source was used for all experi-
ments. A 5mm block of glassy carbon plus a 1 mm
thick single crystal silicon wafer were inserted into the
beam to filter out X-rays with low energies to decrease
the heat load on the sample, resulting in an X-ray
spectrum with a peak energy of about 26 keV. The in-
house developed GigaFRoST camera*?! was used in
combination with a high-resolution white-beam
microscope (Optique Peter) with 13.7x magnification,
yielding an effective pixel size of 0.82 um. To capture
the full extent of at least one or even several channels,
an extended field-of-view scanning procedure was
employed, where the rotation axis of the sample was
aligned with one side of the detector’s field-of-view
and the sample was rotated through 360 degrees
instead of the 180 degrees normally required for the
parallel beam geometry.'** The resulting field of view
was 3951 x 2016 pixels, meaning that the size of the
scanned section was 3160 x 3160 x 1653 pm’. The
exposure time per projection was 1 ms with 2000 pro-
jections per 360° scan. Consequently, the total time to
acquire a single scan was 2s, and subsequent scans
were acquired every 10s to reduce the amount of the
collected time-series data. During the 8s pause
between two scans, a fast X-ray shutter was closed to
prevent unnecessary sample exposure to the beam. In
total, between 110 and 130 scans were recorded per
experiment, capturing approximately 20min of the
drying process.

The drying process of each sample was scanned
twice: once without and once with a thermocouple. In
the latter case, a 0.5mm thick thermocouple was
inserted into a central channel of the monolith sample
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Figure 1. Configuration of the drying setup at the TOMCAT
beamline including sample and sample holder, heat guns,
thermocouple and microscope covered in aluminum foil to
protect it from the heat.

to measure the temperature evolution during water
removal. A control experiment without X-ray beam
showed that the filtered X-ray beam induced only a
minor temperature rise of ca 2°C. The temperature
gradient measured across the sample diameter was
also minimal, with the core perimeter being ca. 2°C
cooler than the center. The sample rotation was not
centered in the X-ray beam nor in the hot gas stream
originating from the heat guns due to the extended
field-of-view scanning procedure. The rotation offset
can thus slightly lower the temperature in the external
channels. The temperature difference along the mono-
lith channel was about 6°C. However, somewhat
lower temperatures were observed in the last few
millimeters of the monolith sample, which was fixed
in the aluminum holder, yielding, on average, a ca.
13 °C temperature difference.

The obtained 3D volume data sets from the time-
resolved X-ray tomography scans were reconstructed
using the propagation-based phase contrast method!*"
and the gridrec algorithm.*>! Weakly absorbing water
becomes visible in the grayscale reconstruction due to
the retrieval of phase shift information caused by
X-ray refraction, Figure 2a. For quantitative analysis
of the drying process, the reconstructed images can be
segmented by assigning a unique phase to each pixel
of the grayscale map: air, water or solid ceramics.
However, similar gray levels of water and air accom-
panied by a local contrast variation make standard
thresholding methods inefficient. The challenge of
multiphase segmentation is to capture correctly the

/

—
100 pm
l solid mapping & subtraction of unfilled pores

the cordierite wall: (a) phase contrast reconstruction of a 3D
image from X-ray projections collected at a given time t, solid
ceramic is bright, air is dark and water intermediate gray; (b)
subtraction of a reconstructed slice at time t from the refer-
ence slice at time t=0s (beginning of drying): bright gray
stands for a contrast change due to water removal, dark gray
means either pore filling by water or the unaltered state of
the system with respect to the beginning of drying; (c) seg-
mented contrast variation: bright gray from (b) becomes black
and dark gray is assigned to blue; and (d) ceramic structure
mapped over the segmented contrast variation to define pores
of the ceramic wall: water (blue), air (black) and solid ceramic
(salmon). Yellow arrows indicate pores which were not filled
during soaking in water prior drying and thus no contrast
change was observed during water removal. These pores were
treated separately and subtracted from the segmented image,
compare Figure 2b and d.

transition between solid ceramics and air without
being assigned falsely to a thin water film as demon-
strated by Kohout, et al.®! In addition, the large
number of scans obtained during time-resolved scan-
ning (over 100 per sample) demands an automatic
and efficient image processing framework. This
requirement is further emphasized by the fact that
one drying experiment takes approximately 20 min;
however, 3D reconstruction, image processing and
segmentation of a terabyte-sized time series is signifi-
cantly more time-consuming.

Here, we demonstrate a processing framework,
which was developed and used to systematically ana-
lyze 3D images of the drying process collected by
time-resolved X-ray tomography. A 3D image at a
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Figure 3. Images from cross-section scanning electron microscopy (SEM). Top row: cordierite with symmetric channels and silicon
carbide with asymmetric channels. Bottom row: detail view of the ceramic wall structure for cordierite, silicon carbide and alumi-

num titanate.

given time ¢ was first subtracted from a 3D image at
time t=0s to capture the contrast variation due to a
change in water occupancy, Figure 2b. Prior to sub-
traction, the time series of 3D images were registered
to ensure that the temporal changes of the contrast
originate from the spatial variation in water distribu-
tion and not from the sample movement. The 3D cor-
rect drift*® and StagReg!*”) plugins integrated in
Image]/Fiji'*>**! were used for that purpose. In a sub-
tracted image, an increase of contrast corresponds to
water removal. On the other hand, a decrease of con-
trast indicates pore filling by water. In addition, no
contrast variation represents an original state of the
system after water saturation including pores and
solid structure.

The 3D subtracted images were segmented using
the Trainable Weka Segmentation package.l”®! First,
regions with bright and dark gray levels were selected
manually in the center slice of the 3D stack for each
sample to train the machine learning algorithm. It
needs to be considered that water in monolith chan-
nels represents about 70-80% of all water in the
studied samples. Due to this large volume, the water
signal from the channels comes mostly from X-ray
absorption. On the other hand, the phase shift is
more sensitive to water confined in the micrometre
sized pores due to low X-ray attenuation of such a
small volume. Therefore, monolith channels and por-
ous walls required different sets of training data. The
training process thus generated two classifiers for each

sample: (i) channel and (ii) wall. Training features
chosen to obtain a visually accurate representation of
the segmented image included Gaussian blur, edges,
mean and variance in combination with fast ran-
dom forest.

The classifiers were then used to assign a value of
zero to the water-free space and a value of one to the
space occupied with water or ceramic framework. To
reduce the computational demands, a representative
sub-stack of 400 slices was segmented out of the 2016
slices. Figure 6 and the related discussion show that
the proposed stack reduction along the monolith
channel does not affect the data interpretation. A bin-
ary mask separating the wall and channel space was
subsequently used to combine the segmented time ser-
ies obtained for the two classifiers, Figure 2c. The
mask was generated by a closing operation performed
on the segmented ceramic structure. Compared to air,
the solid phase of the monolith structure is formed of
heavier atoms such as Si, Al, Mg in cordierite, Si in
silicon carbide or Al, Ti in aluminum titanate. This
allowed to use a simple thresholding method on an
un-subtracted 3D image at the end of drying, which
contained no water. The segmented ceramic structure
was then mapped to the segmented time series in
Figure 2c to differentiate water regions from the solid
phase, Figure 2d.

The described image processing assumes that all
pores are filled with water prior to drying. Therefore,
a contrast change can be assigned to either pore
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Figure 4. Pore size distribution of the ceramic monolithic structures obtained from (a) mercury intrusion porosimetry (pore neck
diameter) and (b) X-ray tomography (geometrical size of the pore body).

emptying or pore filling. However, air can be trapped
inside the ceramic structure during the soaking pro-
cess. In an unfilled pore, no contrast variation can be
observed during drying, as illustrated by comparison
of the regions marked with yellow arrows in Figure
2a, b. Such pores thus appear constantly saturated
even in a segmented dried porous structure.
Comparison of subtracted and un-subtracted images
at the end of drying allows to identify these unfilled
pores and subtract them from the segmented 4D
water profile, as shown by the yellow arrows in Figure
2d. In conclusion, the introduced processing step thus
assigns unambiguously each pixel in the 4D images to
solid, water or air, yielding a pore-scale profile of
water evolving over time.

In the segmented time-series, the geometrical size
of empty pores in the ceramic wall was obtained by
using the local thickness plugin integrated in Image]/
Fiji.®"! In addition, water clusters in each time step
were identified and quantified by using the 3D object
counter in Image]/Fiji.[SZ]

Results

Structural differences between the samples are revealed
by scanning electron microscopy. Examples of symmet-
ric and asymmetric channel geometries are shown in
Figure 3 for cordierite and SiC, respectively. The high-
resolution images in Figure 3c,d demonstrate the differ-
ences in pore shape and connectivity observed in the
individual samples. Such a structural variability of the
wall morphology is not captured by simple average
quantities such as the porosity and average pore size
shown in Table 1. Pores can be described by their geo-
metrical size (based on the internal pore space) or by
the neck size (determined by the largest available
entrance to the pore body). Note that the mercury
porosimetry curves in Figure 4a are sensitive to the size

distribution of the pore necks, which separate individual
pores inside the ceramic walls.”® The aluminum titan-
ate sample possesses the lowest mean pore neck size
and the narrowest distribution, silicon carbide shows a
somewhat larger mean size and wider distribution, while
the largest pore necks with the broadest size distribution
are observed in the cordierite sample. The pore size dis-
tribution obtained from XRT image analysis captures
the geometrical size of the pore bodies inside the cer-
amic wall,”" Figure 4b. The results confirm the largest
pores and the broadest distribution in the cordierite
sample. The sizes of pore bodies in the SiC and AT
samples seem to be relatively similar, with SiC contain-
ing only slightly more larger pores. The main difference
between SiC and AT thus remains in neck size distribu-
tion (Figure 4a), indicative of significantly narrower
pore entrances in AT. Another aspect that must be con-
sidered is that even though cordierite contains, on aver-
age, the largest pores of all three samples, its wide size
distribution means that it also contains a considerable
amount of relatively small pores. Note that cordierite
contains more pores with neck sizes below 15 microns
than SiC (Figure 4a).

An example of changing water distribution during
drying is shown for the silicon carbide (SiC) monolith
in Figure 5a. The so-called drying curve depicts the
temporal evolution of the water fraction obtained
from the segmented 3D images. A water fraction of
100% signifies an initial state of the sample after soak-
ing in water. The corresponding 2D snapshot at time
t=0s demonstrates that the monolith channels and
the majority of the porous walls were saturated with
water. However, a few, predominantly larger, pores
inside the wall were not filled during the soaking.
Porosity analysis of all three samples indicates that
less than 2.5% of the pore volume in the wall
remained empty.
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Figure 5. (a) Drying curve of silicon carbide with asymmetric channels capturing the evolution of the water fraction as a function
of drying time. The initially soaked system corresponds to 100%. Red circles on the drying curve mark the time points of the
accompanying structural snapshots below. (b) The snapshots with segmented air (black), water (blue) and ceramics (salmon) illus-
trate the water distribution in a monolith channel and in a section of the wall.

The drying curve of SiC reveals three pronounced
steps, Figure 5a. The initial two steep decreases of the
water volume fraction correspond to the bulk water
removal from the scanned section of the monolith
channels. Let’s remember that the SiC monolith con-
tains two different channel sizes. At first, the bigger
channels were emptied at about t=120s, followed by
the smaller channels at t=320s. Once the water
meniscus retreated from the scanned section of the

big channel, a water film formed in the corners.
Closer inspection of the snapshot at t=230s revealed
that a thin film covered the whole outer surface of the
ceramic wall, Figure 5b. Similarly, the water film also
formed in the corners of the small channels once the
meniscus receded deeper into the monolith.

The moving meniscus was likewise captured in the
resliced images along the monolith channel at t=130
and t=340s for the larger and the smaller channel,
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Figure 6. Drying series of the silicon carbide sample resliced along the monolith channel. The plane shown here cuts through the
center of the asymmetric channel structure. The images depict the whole length of the scanned channel section with dimension
2.18 x 1.64mm?>. Dark pixels show air, mid-gray water, and bright ceramics. The corresponding video is available in the supporting
information (Video S1). The other studied samples, cordierite and AT, are also shown for comparison in the supporting information

(Videos S2 and S3, respectively).
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Figure 7. Drying curves for all studied ceramic monoliths. The evolution of the water fraction over time is obtained from the seg-
mented images: (a) global water profile including monolith channels and ceramic walls; (b) water profile only inside the porous

walls with t" = 0 indicating the onset of wall drying.

respectively, Figure 6. The images are un-processed to
demonstrate water distribution in the whole scanned
section of the SiC sample. As the drying occurred on
all water-air interfaces, including the corner film and
the walls, it implies that bulk water was transported
from the channels both along and across the wall (i.e.,
between the channels). Note that the pores inside the
ceramic wall are about two orders of magnitude
smaller than the monolith channels, Table 1, which
indicates that capillarity is the driving force.>*!

When the bulk of the water had been removed
from the channels, the corner film diminished, which
was followed by drying of porous walls. The wall dry-
ing is indicated by a more gradual reduction of the
water fraction on the drying curve starting at around

t=>580s, Figure 5a. The tomographic images indicate
that air invaded the wall independently of the channel
size, which was the consequence of water redistribu-
tion between the channels due to capillary forces,
Figures 5b, 6 and Video S1. Drying of water from the
monolith channels thus progresses in a hierarchical
manner, starting in the large channels, followed by
the small channels, and finally in the pores of the cer-
amic wall. Such a hierarchy can span from the milli-
meter to the nanometer scale, as recently
demonstrated in our previous work for a ceramic
monolith coated with micro/mesoporous materials.!**!

The drying curves of all studied samples are com-
pared in Figure 7a. Similar to the case of SiC, the
curve for aluminum titanate (AT) showed two initial
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Table 2. Drying durations for cordierite, silicon carbide (SiC) and aluminum titanate (AT).

Drying time (s) Volume of wall Wall drying time Relative wall drying
water normalized normalized to time normalized to
Sample Total Channel Wall to cordierite (-) cordierite (s) cordierite (%)
Cordierite 960 630 330 1.00 330 100
Silicon carbide (SiC) 910 600 310 1.34 232 70
Aluminium 1040 550 490 1.15 427 129
titanate (AT)

Drying time indicates the time needed to remove the water from the whole sample (total), the channels, or the wall; volume of wall water normalized to
cordierite measures the relative difference of the pore volume normalized to cordierite and wall drying time normalized to cordierite is the time that
would be needed to remove a volume of water equivalent to the cordierite sample.

steep steps on the drying curve, which are attributed
to the emptying of the two differently sized channels
in the asymmetric channel structure. On the contrary,
the cordierite sample with symmetric channels exhib-
ited just a single initial step. The subsequent gradual
decrease of the water fraction in the last stage of all
three drying curves represents water removal from the
ceramic wall. It is important to notice that air pene-
trated the porous wall in all samples only after the
channels were completely dry, as described above for
SiC. Water was thus redistributed throughout the
structure, keeping the pores of the wall on the drying
front saturated, cf. Videos S1-S6. Consistently, the
onset of the wall drying did not depend on the loca-
tion in the monolith channel.

The drying curves in Figure 7a also determine the
length of drying, which is an important indicator of
the energy consumption and economic costs of the
drying process. Drying of the monolith channels took
approximately 50% to 66% of the total drying time,
Table 2. However, weak capillary forces inside the
millimeter-sized channels typically allow to use ener-
getically less demanding strategies, including air
knife!® and vacuum,” to remove water from the
channels. Therefore, the wall drying time can be con-
sidered as a more relevant indicator of the drying cost
and we will focus on this process from here on.

Figure 7b captures the corresponding evolution of
water inside the ceramic walls. The onset of the wall
drying was shifted to £ = 0s and the water fraction
plotted on the y-axis shows just the water confined in
the porous wall and thus excludes water in the mono-
lith channels. Considering this re-normalization of the
x- and y-axes, the drying curves can be directly com-
pared to reveal similarities and differences of water
removal dynamics amongst the studied samples. The
slope of the drying curve defines the drying rate of
water inside the wall and its change indicates a transi-
tion from one drying mechanism to another. The dry-
ing rate is constant for each of the three samples in
the first drying period (the linear segment up to t ~
200s in Figure 7b; the drying rates are: SiC 0.30 ml/
m?/s > cordierite  0.28 ml/m?*/s > AT  0.27 ml/m?/s).

However, much more pronounced differences were
observed in the second drying period, indicated by
the changing slope of the drying curve. Such a vari-
ation of the drying rate can be only attributed to the
structural properties of the individual samples, such as
pore size, shape and connectivity. The fastest wall dry-
ing, taking 310s in total, was observed for SiC. On
the other hand, AT showed the longest wall drying
time of about 490s. Note that these values do not
consider differences in the pore volume of individual
samples due to variations of the wall thickness and
porosity, Table 1. Therefore, an extrapolated wall dry-
ing time, normalized to the cordierite pore volume, is
also shown in Table 2. These normalized values indi-
cate that the wall drying in SiC is about 30% faster
than in cordierite. The slowest wall drying is still
observed for AT, which takes about 29% and 59%
longer than cordierite and SiC, respectively.

The impact of the pore structure on drying can be
observed in the evolution of surface water on the cer-
amic wall as compared to bulk water inside the wall,
Figure 8a. The surface water is defined here as water
in the 4 um (5 pixels) thick layer at the entrance into
the ceramic structure. Bulk water is then located in
the remaining space of the porous wall. Analysis of
surface and bulk water provides information about
the capillary flow from inside of the porous wall
toward the channel-wall interface.®®! A sharp decrease
of the surface water fraction is observed at the onset
of the wall drying when water menisci developed at
the wall-channel interface and subsequently retreated
into the ceramic wall. This process coincides with a
steep increase of the drying rate, which is commonly
denoted as the initial drying period. The following
plateau of the drying rate marks the constant rate
period (1°* CRP) with a linear decrease of water frac-
tion over time. Note that the drying rate shown in
Figure 8a is per m> of pore space rather than per m?
of the entire porous material to allow direct compari-
son of the samples possessing different porosity. With
the start of the 1°* CRP, the initially rapid decrease of
surface water slowed down and subsequently followed
a linear trend of a gradual decrease in time as some
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Figure 8. (a) Evolution of the surface water fraction in a 4 um (5 pixels) thick layer at the channel-wall interface, the bulk water
fraction in the remaining volume of the ceramic wall, and the wall drying rate, plotted for all three samples. (b) Size distribution
of empty pores (containing no water) for selected time steps. The color of the size distributions corresponds to the colored trian-
gles on the drying rate curves in Figure 8a. The gray dashed size distribution of pore necks is obtained from mercury intrusion

porosimetry (MIP) of empty ceramic samples.

menisci from the channel-wall interface retracted into
the wall. Drying of water from such external surfaces
is typically faster than drying of bulk water confined
in a pore structure, as it is not limited by diffusion of
its Vapors 3l However, surface and bulk water show a
correlated linear decrease, which indicates that water
is transported from the interior of the porous wall
toward the channel-wall interface, where it is subse-
quently evaporated. The number of empty pores nat-
urally increased as water was removed from the
ceramic structures. Figure 8b shows the size

distribution of empty pores for the selected time steps.
Interestingly, larger pores were preferentially emptied
at the beginning and then followed by the smaller
ones later on in all three samples. As drying occurred
on all water-air interfaces, the obtained distributions
point toward water redistribution from large to small
pores taking place in addition to water transport from
inside the wall to its external surface. The end of the
1** CRP is manifested by a decrease of the drying rate,
occurring around the time step marked with the green
triangle in Figure 8a.
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Figure 9. Meniscus formation and pore emptying captured on a series of snapshots in the silicon carbide sample. The images are
2D slices obtained from subtracted 3D tomograms: dark gray denotes water; bright gray corresponds to emptied pores and the
solid material is mapped in salmon color. The yellow arrows indicate the cascade of events, which took place during emptying of
the wall pores. The time indicated in the bottom left corner of each snapshot refers to wall drying time t'

Detailed snapshots of drying reveal the mechanism
of water redistribution in the silicon carbide (SiC)
sample, Figure 9. At the wall drying time £ = 20s, a
meniscus was formed at the pore entrance into the
solid structure, indicated by the yellow arrow.
Subsequently, the meniscus receded into the wall until
a constriction (pore neck) was reached at £ = 40s. As
the water-air interface moved behind the pore neck
into a pore opening, the capillary pressure p. suddenly
dropped due to the decrease of the meniscus curva-
ture 2/r as shown by the Young-Laplace equation:

2ycos0
pe = ycos )

r

where y is the surface tension, 0 the wetting angle and
r the pore radius. Such a capillary instability caused
an abrupt emptying of the larger pore behind a con-
striction, which is known as a Haines jump.!®”) Stable
menisci were subsequently formed in the pore necks
of similar or smaller sizes. The rapid emptying of a
pore body allowed to equilibrate the capillary pressure
in the interconnected system of many saturated pores,
as seen for the time point at £ = 50s in Figure 9. The
drying front thus moved deeper into the ceramic wall.
The curvature of the newly formed meniscus
increased with time, however its location remained
stable for 90 s until another Haines jump took place at
£ = 140s. Since evaporation kept occurring on every
water-air interface in the interim, water had to flow
through the interconnected pore system toward the
studied meniscus to maintain its position. Therefore,

capillary pressure drives the water redistribution
between the stable menisci in different pores by capil-
lary flow. Similar conclusions are made for cordierite
and aluminum titanate structures, refer to the Videos
S7-S9 in the supporting information.

The drying dynamics of the ceramic wall thus
resembles a cascade of events, where states with a
relatively stable meniscus configuration (stationary or
relatively slowly receding) are interjected by rapid
pore emptying (Haines jump) events. The capillary
instability causing a Haines jump is controlled by the
size of the pore neck, which defines a pressure when
the pore empties.*®! Let us remember that the size of
the pore necks can be obtained from mercury intru-
sion porosimetry (MIP),>* Figure 4a. Mercury does
not wet the surface of the ceramic structure and thus
a higher pressure has to be applied to fill a smaller
pore. In case that a smaller pore neck restricts access
to a larger pore body, the latter is spontaneously filled
only once the pressure is high enough to push the
mercury through this constriction. Figure 8b shows
neck size distributions compared to the temporal evo-
lution of empty pores.

During the 1% CRP, water in the SiC sample is
removed from predominantly larger pores by Haines
jumps. The end of the 1* CRP coincides with the
emptying of 97% of those pores bigger than the aver-
age neck size, green curve in Figure 8b. This indicates
that when the water redistribution via Haines jumps
is reduced, the drying rate decreases, see green tri-
angle in Figure 8a. In case of cordierite and aluminum
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Figure 10. Snapshots of water distribution inside the ceramic
wall of cordierite, silicon carbide (SiC) and aluminum titanate
(AT) at the end of the first constant rate period (1°* CRP). Blue
color denotes water, black corresponds to air, and the solid
material is mapped in salmon color. The wall drying time indi-
cated in each sub-figure indicates the end of the 1°* CRP,
which corresponds to the green color and triangle in Figure 8.

titanate (AT), a somewhat smaller number of pores
larger than the average neck size was emptied by the
end of the 1 CRP (88% and 90%, respectively).
Temporal snapshots at the end of the 1°* CRP revealed
that water is uniformly distributed across the ceramic
wall and particularly in the smaller pores in the SiC
sample, while cordierite and AT showed an inhomo-
geneous water distribution with some large pores still
completely filled with water, see Figure 10. Focusing
on the structural differences between SiC and the
other two samples, we notice in Figure 8b that the
mode pore neck size in the empty SiC substrate
(determined from MIP) coincides with the mode pore
size (determined from XRT). However, cordierite and
AT samples show a larger mode pore size than their
mode pore neck size. This indicates a higher probabil-
ity of large pores being “locked” behind narrow pore
necks in cordierite and AT, which agrees with the
observation in Figure 10.

The subsequent transition from the 1* CRP to a
slower drying regime can be better understood by an
analysis of water clusters inside the ceramic walls. The
temporal evolution of large water clusters was analyzed
in the segmented 3D images, Figure 11. Large clusters
are defined here as having at least 150 times the volume
of the average geometrical pore size determined by
XRT, Table 1. A large cluster thus represents a body of
water which spans over a network of interconnected
pores, where Haines jumps can presumably occur. At

the beginning of drying, one large water cluster occupies
the whole ceramic wall. This large cluster subsequently
shrinks as water is removed from the wall during the 1%
CRP, see yellow diamonds in Figure 11. Most of the
water body remained interconnected in this primary
large cluster in all three samples. It is only toward the
end of the 1% CRP, that the water fraction in the large
cluster deviates from the total water fraction on the dry-
ing curve as the water domain breaks into smaller clus-
ters. Some of the new clusters are still large enough to
be classified as large clusters according to the definition
used here and thus are shown as additional yellow dia-
monds in Figure 11. Concurrently, the volume of water
contained in the smaller clusters grows, which is accom-
panied by an increase of the total number of clusters.
Disintegration of the large cluster disconnects bulk water
from the surface, which restricts the transport pathways
to the external surface. Water evaporation in confined
pores is known to be a slower drying mechanism com-
pared to evaporation from external surfaces, as it is lim-
ited by diffusion of its vapor."! The disintegration of
the large cluster thus explains the decrease of the drying
rate after the end of the 1% CRP.

The disintegration of the primary large cluster alone
does not explain the occurrence of the 2! CRP in the
cordierite and AT samples, Figure 7b. Therefore, also
the temporal evolution of smaller clusters was evaluated
from the segmented 3D images, Figure 11. The small
clusters included in the analysis have a minimal volume
equivalent to a sphere with a diameter of 4pum (5 pix-
els), which is the minimum size required for the accur-
ate spatial resolution of a cluster. The number of
clusters was increasing from the onset of drying and
this process accelerated particularly around the first
transition. In an open system, where the rate of evapor-
ation is the limiting step, the amount of water removed
as a function of time is directly proportional to the
water-air surface area. As clusters continue to split and
the evaporation surface increases, the amount of water
dried over time should also increase. However, the linear
decrease of the water fraction observed in the 2™ CRP
of the cordierite and AT samples (Figure 11a,c) indicates
a constant drying rate. This suggests that vapor trans-
port through the ceramic wall limited the drying rate.
Toward the end of the 2™ CRP, the number of clusters
in the cordierite and AT samples reached its maximum.
After that point, more cluster were disappearing than
being generated and the decline of the number of clus-
ters correlates with the end of the 2°¢ CRP. In contrast,
the disintegration of water clusters in the SiC wall
(Figure 11b) was faster in comparison with cordierite
and AT. The maximum number of clusters was reached
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Figure 11. Temporal evolution of water clusters for (a) cordierite, (b) silicon carbide (SiC) and (c) aluminum titanate (AT). The vol-
ume of a large cluster is defined to be at least 150 times the volume of an average pore size. Each yellow diamond represents
one large cluster. The number of clusters refers to the count of all clusters with a minimum volume equivalent to sphere with

diameter of 4 um (5 pixels).

shortly after the decomposition of the primary large
cluster, Figure 11b. Thus, the 2™ CRP did not occur in
the SiC sample, which indicates a more efficient wall
drying during the 1* CRP compared to the other sam-
ples. We suggest that it is caused by the lower number
of saturated large pore domains hidden behind narrow
pore necks in SiC.

The very last drying period is generally character-
ized by the reduction of the water-air interface area as
a consequence of clusters disappearing, and thus the
observed drying rate should decrease (so-called falling
rate period, FRP). Such a typical FRP behavior was
observed for the SiC sample. However, the cordierite
and AT structures showed an increase of water
removal rate at the final stage of the drying process,
see Figure 8 and Figure 11, more specifically wall dry-
ing times £ > 300s for cordierite and £ > 400s for
AT. To understand this final increase of the reaction
rate, the temperature evolution during the drying pro-

cess must be analyzed. Figure 12 shows the

temperature evolution measured in an independent
drying experiment for a) cordierite, b) SiC and c) AT.
Drying curves are shown as a temporal change of the
mean gray value obtained from reconstructed 3D
images. At the onset of drying, after the heat guns
had been moved into the sample position, the tem-
perature quickly rose to approx. 40 °C and remained
constant during the emptying of bulk water from the
channels. The temperature subsequently decreased by
5-7°C during the evaporation of the water film
toward the end of the channel drying and the min-
imum was reached at the onset of the wall drying.
The observed temperature drop can be explained by
the reduction of thermal conductivity of the wetted
system upon removal of water from the channels.
Note that the thermal conductivity of air is approxi-
mately 20 times lower than that of water.

The drying curves from this independent experi-
ment in presence of the thermocouple are compared
to the measurement conducted without the
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in all three samples. Wall drying time t' = 0 indicates the onset of the wall drying.

thermocouple in Figure 12a-c. The duration of chan-
nel drying can vary due to weak capillary forces in the
millimeter-sized channels, which leads to a different
volume of soaked water. Therefore, drying curves
measured with and without the thermocouple were
normalized according to the onset of the wall drying
with dominant capillary forces. The inserted thermo-
couple decreased the size of the dried channel, which
can result in an additional step on the drying curve if
the thermocouple is close to the field of view, see
Figure 12c. As wall drying does not seem to be
affected by the inserted thermocouple, the tempera-
ture evolution was plotted against the evaluated water
fraction and compared for all samples, Figure 12d.
During the 1 CRP of the wall drying, the sample
temperature was constant for all three samples (cor-
dierite 32°C, SiC 33°C and AT 36°C), see Figure 12.
The temperature variation between the substrates is
caused by a different effective heat conductivity of the
respective monolithic structures, which includes fac-
tors such as ceramic material, wall thickness, porosity
and channel density. During the 2™ CRP in cordierite
and AT, the sample temperature

was  slowly

increasing, which accelerated in the last drying period.
The SiC sample showed the steepest temperature
increase during the FRP. Once all water was removed
from the ceramic structure, the sample temperature
increased quickly and reached a limit value: 72°C for
dry cordierite and SiC and 76 °C for dry AT. The rest
of the heat provided by the heat guns was transferred
to the surrounding air.

Knowing the exact evolution of temperature during
the drying experiment, we can now better analyze the
increased drying rate observed in the final period for
cordierite and AT. Examination of the snapshots at
the end of the 2™ CRP revealed the existence of iso-
lated saturated pores located behind pore necks,
Figure 13. The higher meniscus curvature at the pore
necks decreases the equilibrium pressure of water
vapor p* as dictated by the Kelvin equation:'*”’

29V
rRT

P* - psatexp |:_ (2)

where ps,, is the saturated vapor pressure over the flat
interface, 7 is a surface tension, V,, denotes the molar
volume, r the pore radius, R is the universal gas
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Figure 13. Snapshots of the water distribution inside the wall
of cordierite and aluminum titanate at the end of the second
constant rate period (2" CRP). The wall drying time indicated
in individual sub-figures shows the end of the 2"® CRP, which
corresponds to the yellow color and triangle in Figure 8.

constant and T the temperature. The driving force for
the evaporation is expressed by the difference between
the actual vapor pressure above the water meniscus p,
and equilibrium vapor pressure p* corresponding to
the t[en]lperature T as showed by Hertz-Knudsen equa-
tion:'®°

M
2nRT

ry = (P* _pv)a (3)

where r, is the evaporation rate, o the evaporation
coefficient, M the molar mass of water and R the uni-
versal gas constant. The 2™ CRP is characterized by a
reduced drying rate due to diffusion-limited transport
of vapor through the ceramic structure. Air inside the
wall is thus saturated and smaller pores tend to dry
later compared to the bigger ones, since their equilib-
rium vapor pressure p* is lower. The water meniscus
at the entrance of the isolated water clusters is thus in
equilibrium with the surrounding saturated air for the
duration of the 2"¢ CRP. Hence, it can be assumed
that the wall structure plays again an important role
for the observed drying behavior.

The temperature rise during the last drying period of
cordierite and AT increases saturation pressure of water
vapor in the air according to the Antoine equation:

B
e T W

where T is temperature and A, B and C are constants.
In addition, the higher temperature is beneficial for

diffusive transport of the vapor according to:(®!!

0.00143T7>
D, =
p\/ 2/ (a5

log,opsat = A

(5)
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where p is total pressure, M the molar mass and ¢ the
diffusion volume of the gas components. Therefore,
the temperature rise in the last drying period acceler-
ated water removal from the narrow pore necks,
which in turn enabled opening and fast evaporation
of residual water clusters entrapped behind them. This
explains the higher drying rate observed in the very
last drying period for cordierite and AT. As discussed
previously, the SiC pore morphology with less restrict-
ive pore necks did not exhibit this phenomenon.

Conclusions

In this contribution, we applied time-resolved X-ray
tomography, scanning electron microscopy and mer-
cury intrusion porosimetry to investigate the dynamics
of water drying in monolithic structures made of cor-
dierite, silicon carbide (SiC) and aluminum titanate
(AT). The distribution and re-distribution of water in
porous ceramics was observed in three dimensions
with a temporal resolution of 2s. An image processing
framework based on machine learning was developed
to track pore emptying and filling in a large number
of 3D scans (over hundred 3D scans per sample).
Drying curves were constructed from the tomographic
data to investigate drying in materials with a variety
of structural properties. In monoliths with an asym-
metric structure, bulk water is at first removed from
the large channels followed by the small channels. A
water film was formed in the rectangular corners and
along the walls upon the retreat of the meniscus into
the channel. Once the bulk water was completely
removed from the channels, the surface and corner
water film diminished, followed by drying of the por-
ous walls. Drying of water from the monolith struc-
tures thus progresses in a hierarchical manner from
millimeter-sized channels to micrometre-sized pores
of the ceramic wall.

Different stages of wall drying were identified from
the analyzed 4D images. Once air invaded the porous
wall, the drying rate was constant (1* CRP) and
approximately similar for all samples. A comparison
of the water evolution near a wall-channel interface
with water inside the ceramic wall revealed its flow
toward the external surface. The drying rate on the
wall-channel interface is the highest as it is not hin-
dered by vapor diffusion through the wall pores. In
addition, water removal from the ceramic wall
resembled a cascade of events when a state with stable
meniscus (stationary or relatively slowly receding) is
followed by a rapid pore emptying (Haines jump).
Interestingly, larger pores were emptied preferentially,



3690 V. NOVAK ET AL.

followed by the smaller ones in all three samples.
Water is thus redistributed from the large to the small
pores as well as from inside the ceramic wall to its
external surface. The temporal evolution of clusters
shows that the water inside the porous wall was ini-
tially interconnected to form one large cluster at the
onset of drying. The size of this primary cluster
decreased during drying, which was accompanied by
menisci receding into the porous wall. The end of the
1" CRP was determined by the disintegration of the
primary cluster, which led to a restriction of transport
pathways to the external surface.

Cordierite and aluminum titanate exhibited a
second constant drying period (2"! CRP) character-
ized by a slower drying rate. Larger water clusters
continued to disintegrate, forming new water-air
interfaces, which intensified drying inside the wall.
However, the observed drying rate was constant dur-
ing the 2" CRP indicating that vapor transport
through the ceramic wall was the rate-limiting pro-
cess. Toward the end of the 2"! CRP, the number of
clusters reached its maximum as the rate of newly
generated clusters equals the rate of their disappear-
ance due to drying. The end of the 2"! CRP was
determined by the decline of the total number of clus-
ters in cordierite and AT porous walls. The SiC sam-
ple showed a somewhat different behavior, since the
maximum number of clusters was reached shortly
after the decomposition of the primary water cluster.
Thus, the 2™! CRP did not occur in SiC, suggesting
more efficient wall drying during the 1* CRP com-
pared to cordierite and AT.

The last drying period was characterized by the
reduction of the air-water interface as a consequence
of the clusters’ disappearance. The decreasing rate in
the last period was observed only for the SiC sample.
On the contrary, cordierite and AT showed a tempor-
ary increase of the drying rate during the last drying
period as opposed to the expectations in a system
with reducing drying surface area. 3D images of cor-
dierite and AT revealed the existence of saturated
pores isolated behind narrow pore necks. In a diffu-
sion limited regime, smaller pores tend to dry later
than the bigger ones, since their equilibrium pressure
over a curved interface is lower. The temperature rise
in the last drying period accelerated water removal
from the narrow pore necks, which in turn enabled
opening and faster evaporation of residual water clus-
ters entrapped behind them.

The developed approach to investigate the temporal
and spatial distribution of water in the porous struc-
ture demonstrates that a direct observation of water

drying in industrially relevant samples is experimen-
tally achievable. The obtained information on the
hierarchy of pore emptying, water redistribution and
the size of water clusters provides a crucial link
between the structural properties of dried materials
and their drying rate. In this respect, time-resolved
X-ray tomography represents an important tool, pro-
viding feedback for the design of porous materials
with optimal drying performance. Furthermore, the
achieved high spatial and temporal resolution of water
removal from porous materials provides detailed
experimental data for future developments of predict-
ive mathematical models of the dynamic drying proc-
esses considering realistic 3D pore morphology.
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