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Abstract

We have regulated the permeability in macroporous alumina materials by manipulating the connectivity of the pore phase and the
sizes of the smallest constrictions between connected pores. Templating with particle-coated expandable polymeric spheres (EPS) signif-
icantly increased the fraction of isolated pore clusters, and reduced both the sizes and the number of connections with neighboring pores,
as determined by three-dimensional evaluation with X-ray micro-computed tomography. The stable particle coating, applied onto the
EPS surfaces using polyelectrolyte multilayers, reduced the volume expansion and the coalescence of the EPS at elevated temperatures,
which reduced the simulated permeability by as much as two orders of magnitude compared to templating with uncoated EPS in mate-
rials of similar porosities. We show that the Katz–Thompson model accurately predicts the permeability for the macroporous alumina
materials with porosities of 46–76%. This suggests that the permeability to fluid flow in these materials is governed by the smallest con-
strictions between connected pores: the critical pore throat diameter.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Macroporous ceramics with open pore structures are
found in numerous applications ranging from catalyst sup-
ports [1,2], particulate filters for diesel engines [3,4], filtra-
tion of molten metal [5] and as biomedical scaffolds and
implants [6,7]. Each application has specific requirements
for the macroporous material with respect to properties
such as pressure drop and permeability. These require-
ments are related to characteristics of the material such
as the pore size and pore connectivity. Catalysis applica-
tions typically require a high degree of connected porosity
and a hierarchical pore size distribution to achieve high
permeability, high degree of access to the active surface
area and a low pressure drop [1]. Filtration of molten metal
requires ceramic foams of high strength with a well-defined
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pore size and permeability [4,5]. Porous ceramics in bio-
medical applications require a pore size distribution, poros-
ity and pore connectivity optimized for integration with
living tissue and, if necessary, load-bearing strength [6,7].
In contrast, thermal insulating panels for aerospace appli-
cations and kilns require ceramic materials with a high
porosity but low connectivity to minimize convective heat
transport [2,4].

The number of neighboring pores that are connected,
and the size of the constrictions between these connected
pores, i.e. the cell windows or pore throats, have a strong
impact on the resistance to fluid flow through porous
ceramics [5,8,9]. These parameters are not easily quantified
with established methods like mercury porosimetry and
scanning electron microscopy. Three-dimensional (3D)
information from X-ray micro-computed tomography
(l-CT), however, can be used to determine the structural
parameters, visualize the porous structure and also to sim-
ulate the permeability [10–13].
rights reserved.
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Fig. 1. Flow chart of the manufacturing process for the macroporous
alumina materials.
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Macroporous ceramics can be produced by various
methods that typically rely on the use of sacrificial templat-
ing materials or by direct foaming of the ceramic suspen-
sions [4,14]. Industrial production of porous ceramics for
filtration of molten metal and exhaust filters for diesel
engines is based on the impregnation of a polymer foam
with a concentrated ceramic suspension [2]. The polymer
foam shapes the pores and is removed in a pyrolysis step
before sintering. This is a simple and straightforward tech-
nique but it is difficult to produce materials with pore sizes
smaller than 200 lm [14] or to alter the connectivity of the
porous phase [14,15]. Another technique is to form macro-
porous ceramic materials from surfactant or particle stabi-
lized foams or emulsions [14,16]. This technique can yield
highly porous ceramic materials but usually renders mate-
rials with small pore throats [2,14,15]. The use of dense or
hollow polymer beads as a sacrificial templating material
offers significant versatility to control the porosity and pore
size distribution [17,18]. It was recently demonstrated [19]
how expandable polymeric spheres (EPS) can be used to
produce highly porous materials with tunable pore size,
using very low amounts of organic material in the cast
powder bodies. A unique advantage of this technique is
the temperature-induced expansion of the EPS and the
associated volume increase of the suspension that can be
used as a near-net shaping method. However, the control
of the connectivity of the porous phase with the original
technique is limited.

In this study, we show how the connectivity and the size
of the pore throats can be controlled by coating the
surfaces of the expandable spheres using a polyelectrolyte-
based layer-by-layer process. The surface modification
process and the dense particle coating on the EPS were char-
acterized by electrokinetic mobility measurements, scanning
electron microscopy and thermogravimetry. After casting
and template removal, the macroporous materials were
characterized with a combination of X-ray l-CT, mercury
porosimetry and scanning electron microscopy. These tech-
niques yielded information on the total porosity, pore size
distribution, pore throat size distribution and pore connec-
tivity. The permeability to fluid flow was simulated on 3D
datasets retrieved with X-ray l-CT and compared to pre-
dictions based on the Katz–Thompson model [20]. We
found that sacrificial templating with particle-coated and
non-coated EPS could be used to control three critical
parameters of the porous phase that determine the perme-
ability to fluid flow: the fraction of pores connected into a
percolating pore phase, the critical pore throat diameter
and the number of connections with neighboring pores.

2. Methods and materials

2.1. Materials and procedures

The procedure to produce the macroporous alumina is
schematically described in Fig. 1. We used expandable
polymeric spheres (EPS) as a templating agent to shape
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the pores in the macroporous alumina materials. The
EPS (ON316WUX, Expancel, Sweden) consist of a co-
polymer shell and are filled with a blowing agent (isobu-
tane). The mean particle size (D50) of the EPS used in this
work is 33 lm in the unexpanded state.

We coated the EPS with a layer of alumina particles
using a polyelectrolyte multilayer as a binder. The polyelec-
trolytes used in this study were: poly(ethyleneimine)
(ammonium salt, 99% purity, Mw = 10.000) abbreviated
PEI; poly(acrylic acid) (sodium salt, 25 wt.% in water,
Mw = 50.000) abbreviated PAA; and poly(allylamine
hydrochloride) (Mw = 60.000) abbreviated PAH. PAA
and PAH were acquired from Polysciences Europe GmbH,
Germany, and PEI from Polysciences Inc., USA. After
each addition of polyelectrolyte at a concentration of
1 wt.% with respect to the EPS, the EPS dispersion
(5 wt.% in 0.01 M NaCl (puriss p.a., Sigma–Aldrich, Swe-
den)) was stirred for 20 min, and excess polyelectrolyte
was removed by filtering the EPS three times. This process
was repeated using polyelectrolytes of different charge. The
polyelectrolyte-covered surfaces of the EPS were coated
with a layer of submicron-sized alumina particles (AKP-
30, Sumitomo Chemical Co. Ltd, Japan). The EPS suspen-
sion was slowly added in four portions to a 1 wt.% alumina
suspension at pH 5 during stirring. The mixture was stirred
overnight. A final layer of polyelectrolyte was added onto
the particle-coated EPS. The particle-coated EPS were
slowly dried for several days at 30 �C in 10% relative
humidity. All steps in the layer-by-layer coating procedure
were performed at room temperature.

We produced the macroporous alumina by gel casting
an alumina suspension containing a monomer and cross-
linker together with the EPS that act as a template for
e connectivity and critical pore throat control of expandable poly-
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the pores. The EPS were either uncoated or coated with
alumina particles. The suspension was based on the alu-
mina powder AKP-30 (Sumitomo Chemical Co. Ltd.,
Japan) with an average particle size (D50) of 0.31 lm.
The alumina powder was dispersed in the suspension with
the polyelectrolyte Darvan 821A (Vanderbilt Company
Inc., USA). We used methacrylic acid (Sigma–Aldrich Swe-
den AB, Sweden) and N,N0-methylenebisacrylamide
(Sigma–Aldrich Sweden AB, Sweden) as the monomer
and cross-linker, respectively. Ammonium persulfate
(APS) (Sigma–Aldrich Sweden AB, Sweden) was used as
the initiator for the polymerization of the monomer and
cross-linker. The polymeric spheres expanded in the mix-
ture of EPS, alumina powders and monomers and cross-
linkers in a similar temperature range as the monomer
and cross-linker form a gel. The gel-casting process with
EPS to produce macroporous ceramics is described in
detail in previous work [19]. The organic materials were
removed at 600 �C prior to pre-sintering the macroporous
alumina at 1200 �C.

2.2. Characterization

The zeta potential was measured with a Zetasizer Nano
ZS instrument (Malvern Instruments Inc., London, UK).
The standard deviation was calculated from the five zeta
potential measurements and represented as error bars on
each point.

Thermo-mechanical analysis (TMA) of the particle-
coated and uncoated EPS was performed with a Mettler
Toledo TMA/SDTA841e with STARe software. The mea-
surements were done in air at a heating rate of 20 �C min�1

and with a net load of 0.06 N.
The particle-coated EPS were imaged with a field emis-

sion scanning electron microscope (FE-SEM), JSM-7000F
(JEOL, Japan) at an acceleration voltage of 2.5 kV. The
macroporous alumina materials were studied with a Zeiss
UltraPlus FE-SEM at an acceleration voltage of 20 kV.

The porosity and pore throat diameters of the porous
alumina were evaluated by mercury intrusion porosimetry
(Micromeritics AutoPore III 9410), assuming a surface ten-
sion and contact angle of mercury of 485 m N m�1 and
130�, respectively.

2.3. X-ray l-CT

The X-ray l-CT instrument was developed and built at
the Australian National University [21]. The instrument
operates with a cone beam geometry with a spot size of
2 lm. Cylinders with a diameter of 5 mm were extracted
from the middle of macroporous alumina blocks and
imaged with the X-ray source operating at 80 kV and with
a beam current of 100 lA. The 20483 voxel tomograms
consist of a set of 2880 two-dimensional (2D) radiograph
projections that were acquired at different rotation angles
covering the complete 360�. A 1 mm thick dense aluminum
filter was placed in front of the alumina cylinder to reduce
Please cite this article in press as: Andersson L et al. Permeability, por
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the problem of beam hardening of the polychromatic
beam, which may lead to artifacts in the radiographs [21].
The resulting voxel dimension was 3 lm.

The 2D radiographs were first pre-processed to mini-
mize artifacts and then reconstructed with a Feldkamp
algorithm to generate a tomogram consisting of voxels
[21,22]. After reconstruction, the tomogram data, which
are presented in gray levels corresponding to the density
and composition of the alumina material, were treated with
image enhancing filters to reduce noise and blur [23,24]. A
segmentation method known as converging active contours

[24] was used to categorize the 3D data as either solid or
void. Simple thresholding is not sufficient to capture thin
phase boundaries at the instrument resolution limit in these
irregularly shaped porous bodies with thin walls and a wide
pore size distribution [24].

The total porosity of the macroporous materials was
derived from the segmented X-ray l-CT data by normaliz-
ing the number of voxels of the pore phase by the total
number of voxels. The pores are connected into clusters
that could be identified and labelled using a burning
algorithm across the voxel faces, ignoring connections
across corners or edges [25]. The clusters that are isolated
and disconnected from the largest cluster could thus be
distinguished.

In the next step of the 3D analysis, the pores and the
pore throats were identified using an algorithm based on
a Euclidean distance map of the segmented data, which
associates to each pore voxel the nearest distance to a solid
phase voxel [26]. A watershed function applied to this dis-
tance map partitioned the pore space into pore bodies. The
watershed transform expands from a seed voxel situated at
each pore center to identify each individual pore space
[26,27]. The pore network was generated using a refined
medial axis transform [26,28,29]. This method preserves
the topology of the network, without creating loops or
excess merging of pores. A maximum covering sphere algo-
rithm was applied to calculate the pore throat diameter at
the smallest constriction of each throat.

All image processing steps were performed with the soft-
ware Mango 3D Parallel Image Analysis Toolkit [26], and
the 3D data volumes were visualized with the volume
exploration program Drishti [30].

2.4. Permeability

The permeability was calculated using a lattice-Boltz-
mann (LB) method [31]. The LB approach is a mesoscopic
numerical method used in computational fluid dynamics,
where the macroscopic dynamics of the solution of a dis-
cretized Boltzmann equation match the Navier–Stokes
equation. Due to its simplicity in form and adaptability
to complex flow geometries, like the presence of solid–fluid
boundaries, one of the most successful applications of the
LB method has been to simulate flow in complex porous
media [31,32]. For computational reasons, the simulations
were conducted on independent sub-domains from each
e connectivity and critical pore throat control of expandable poly-
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Fig. 2. The zeta potential of the EPS after sequential adsorption of
polyelectrolytes and alumina (Al2O3) particles. The polyelectrolytes used
were poly(ethylene imine) (PEI), poly(allylamine hydrochloride) (PAH)
and poly(acrylic acid) (PAA). The mean value and the standard deviation
of the zeta potential are indicated for each polyelectrolyte addition,
together with the pH value for the adsorption.
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macroporous alumina dataset with sizes between 7243 and
14403 lm3. The sub-volumes have dimensions six times lar-
ger than the mean pore size, which has been shown to be
sufficient for accurate estimations of the permeability
[33,34].

The permeability of each sub-volume was calculated by
applying a small pressure gradient to the liquid in one direc-
tion [32]. For computational simplicity, the outer boundaries
of the sub-volume parallel to the pressure gradient were
modeled according to the mirror-image boundary condition,
and the outer boundaries perpendicular to the pressure gra-
dient were saturated by a thin layer of liquid. In the direction
of flow, the liquid medium was made quasi-periodic; any
liquid exiting the porous body re-entered at the opposite face
[33]. We also assume the no-slip boundary condition at
solid–fluid interfaces [31]. The presented permeability values
are the restriction of the permeability tensor to the direction
of the pressure gradient.

2.5. Calculation of tortuosity and critical pore radius

The tortuosity of the porous phase was determined by
modeling the voxelated material as a network of electrical
resistors and determining the electrical conductivity across
the 3D dataset [34]. The voxels were converted into an elec-
trical network by modeling each pair of adjacent voxels as
being nodes connected by a resistor. The resistors in the solid
phase were assigned the conductivity rsolid = 0 while those in
the pore phase, i.e. saturated with fluid, were assigned a nor-
malized conductivity: rfluid = 1. A potential gradient was
applied across the volume and the system was relaxed using
a conjugate gradient technique to evaluate the field to solve
the Laplace equation with charge conservation boundary
conditions. The tortuosity is given by the ratio between the
effective resistance to electrical current flow across the fluid
saturated pore phase (reff) divided by the conductance of
the fluid (rf) and the porosity (/) [34]:

reff

rf
¼ /

s
ð1Þ

The critical pore diameter lc is a length-scale that relates to
the size of the largest sphere which can percolate across a
connected pore system [20]. We derived lc from the inflection
point in simulated mercury capillary pressure curves for each
sub-volume. The pressure curve is calculated by simulating
the intrusion of spheres with incrementally smaller radius
until the pore phase is completely invaded. For the simula-
tion we used a surface tension of cair–Hg = 485 m N m�1

and we assumed that all outer faces of the sub-volume were
in contact with the simulated mercury.

3. Results and discussion

3.1. Particle coating of expandable polymeric spheres

We modified the surfaces of the expandable polymeric
spheres (EPS) by sequential adsorption of charged species
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(anionic and cationic polyelectrolytes and colloidal alu-
mina) using layer-by-layer adsorption. An adsorbed layer
of alumina particles on the EPS is desirable to form an
effective boundary layer of particles around the EPS in
the gel-casting suspension. The layer-by-layer adsorption
was performed in a neutral pH range, where the weak poly-
electrolytes are highly dissociated. Fig. 2 shows that the
cationic polyelectrolyte poly(ethyleneimine), abbreviated
PEI, which is well known to adsorb strongly [35], resulted
in a significant positive charge on the EPS.

Several layers of the anionic poly(acrylic acid), abbrevi-
ated PAA, and the cationic poly(allylamine hydrochloride),
abbreviated PAH, were sequentially added onto the PEI-
coated EPS. Fig. 2 shows that the sign of the zeta potential
changed with each addition; the addition of PAA produced
a negative surface charge and the addition of PAH pro-
duced a positive surface charge. The switch in the sign of
the surface charge is characteristic for the layer-by-layer
process and shows that the most recently adsorbed poly-
electrolyte dominates the surface charge [36]. Positively
charged alumina particles (at pH 5) were adsorbed onto
the EPS surfaces that had been coated with four polyelec-
trolyte layers, having an outermost PAA coating with a
strongly negative surface charge (Fig. 2). The layer-by-
layer coating was finished off with a final layer of PAA
adsorbed onto the alumina particles to increase the com-
patibility of the coated EPS with the concentrated alumina
suspension containing monomers and cross-linkers in
solution.

The SEM images in Fig. 3a and b show that the alumina
particles formed a dense layer on the surface of the EPS.
The energy dispersive X-ray spectroscopy (EDS) line scan
shows a high intensity of the Al (Ka) and O (Ka) signals
over the expandable polymeric sphere surface compared
e connectivity and critical pore throat control of expandable poly-
oi:10.1016/j.actamat.2010.10.056

http://dx.doi.org/10.1016/j.actamat.2010.10.056


Fig. 3. The sacrificial templates, the EPS, were coated with a layer of alumina particles. Scanning electron microscopy images of (a) an alumina particle-
coated EPS (PCEPS), (b) a close-up of the surface morphology of the PCEPS, and (c) shows thermo-mechanical analysis on the uncoated EPS and PCEPS
for the on-set temperature of expansion.

Table 1
Porosity derived with X-ray l-CT of macroporous alumina
materials templated with uncoated expandable polymeric spheres
(EPS) or alumina particle-coated EPS (PCEPS).

Material labela Expandable polymeric
spheres (wt.% dwb)b

Porosity (vol.%)

MA-EPS-76 1.8 76
MA-EPS-57 1.1 57
MA-EPS-51 0.7 51
MA-EPS-46 0.3 46
MA-PCEPS-67 4.5 67
MA-PCEPS-48 2.4 48

a The number at the end of each material label refers to the level
of porosity in the material as determined by X-ray l-CT.

b The amount of sacrificial templating material, without alu-
mina particle coating, in the gel-casting suspension in wt.% dry
weight basis (dwb).
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to the signals from the silica-substrate background (see the
Supplementary data (SD) section, Fig. S1).

The EPS are filled with a blowing agent that expands
when heated. Thermo-mechanical analysis on the uncoated
and particle-coated EPS (PCEPS) showed that the particle
coating acted as a crust around the spheres and shifted the
temperature-induced expansion of the EPS from 88 �C to
98 �C (Fig. 3c). The particle-coated EPS had also expanded
less than the uncoated EPS when the expansion was
complete.

3.2. Sacrificial templating with expandable polymeric

spheres and characteristics of the macroporous materials

The macroporous alumina materials were produced by
gel casting a suspension of alumina with a monomer and
cross-linker together with EPS. The EPS, both uncoated
and particle-coated (PC), acted as a templating material
for the macropores. The gel-casting suspension was cast
into cylindrical moulds, which restricted the expansion of
the EPS in the (horizontal) xy-plane, but left them free to
expand in the (vertical) z-direction. The monomer and
cross-linker, which gelled upon heating to 80 �C, preserved
the porous structure created by the EPS before burnout
and pre-sintering. Table 1 shows how the porosity of the
macroporous alumina materials, as determined by X-ray
l-CT, varied with the amount of added EPS. As a result
of the alumina particle layer, which restricted the expan-
sion of the spheres, it was necessary to add a higher
amount of particle-coated EPS compared to the amount
of uncoated EPS to reach similar porosity levels in the mac-
roporous alumina materials. This production process,
based on the simultaneous expansion of the polymeric
spheres and gelling of the monomer and cross-linker, has
been described in detail in previous work [19].
Please cite this article in press as: Andersson L et al. Permeability, por
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Fig. 4 shows SEM images of MA-PCEPS-48 and MA-
EPS-51 parallel to the corresponding 2D slices from the
X-ray CT data, respectively. We identified these specific
2D slices from the xy-plane of the tomogram and seg-
mented data by applying an aligning algorithm to the 3D
dataset [37]. The images of the macroporous alumina
(MA) in Fig. 4 show the difference in pore sizes in the
xy-plane between materials templated with uncoated EPS
(MA-EPS-51) and particle-coated EPS (MA-PCEPS-48).
As a result of the alumina particle layer, which restricted
the expansion of the particle-coated spheres, MA-PCEPS-
48 showed a higher number of pores with smaller pore sizes
compared to MA-EPS-51.

The X-ray l-CT data in Fig. 5b and d show that parti-
cle-coated EPS created a narrower pore size distribution
compared to uncoated EPS in macroporous alumina
materials.
e connectivity and critical pore throat control of expandable poly-
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Fig. 4. SEM images and corresponding two-dimensional slices retrieved from the three-dimensional X-ray micro-computed tomography data for
macroporous alumina. The SEM images (a and d) are compared with gray-scale tomogram data (b and e) and with segmented representations (c and f)
with the pores in black and the solid in white. The macroporous alumina materials MA-EPS-51 and MA-PCEPS-48 were templated with uncoated and
particle-coated expandable polymeric spheres (EPS and PCEPS), respectively.
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Templating with PCEPS resulted in an increase in the
fraction of isolated pore clusters compared to templating
with EPS (Fig. 6). The particle coating on the EPS not only
reduced the expansion of the EPS but also introduced a
barrier of alumina particles to separate the pores in the
pre-sintered alumina. Fig. 6 also shows that the fraction
of isolated clusters decreased as a function of increasing
total porosity for all the macroporous alumina materials.

The mercury porosimetry data in Fig. 7 quantifies the
size of the smallest pore diameter, i.e. the cell windows or
throats, over several orders of magnitude. The throats
below 1 lm in size are due to interstices between alumina
particles, while the larger throats of size 1–300 lm are
caused by the sacrificial templating material.

The particle-coated EPS resulted in relatively small
throats, up to 20 lm, in the low-porosity material MA-
PCEPS-48 while the high-porosity material MA-PCEPS-
67 displayed throats up to 240 lm. The uncoated EPS
resulted in 30–300 lm sized throats in the low-porosity
material MA-EPS-46 and 8–260 lm sized throats in the
high-porosity material MA-EPS-76. The smaller throats
for the MA-PCEPS compared to the MA-EPS suggest that
the particle coating forms a crust around the spheres that
reduces the coalescence of the EPS when they expand.

A third measure to indicate how well the pore phase is
connected, apart from the fraction of isolated pore clusters
and throat size distribution, is the number of pores that
each pore is connected to. The distribution of the number
of connected pore neighbors is plotted as their relative
Please cite this article in press as: Andersson L et al. Permeability, por
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frequency of occurrence in Fig. 8. The distribution gets
narrower with decreasing average porosity in the macro-
porous alumina. MA-PCEPS-48 stands out with a small
and narrow distribution of the number of connected pore
neighbors. (The distribution of the number of connected
pore neighbors for MA-EPS-51 and MA-EPS-57 are shown
in SD, Fig. S2.)

The connectivity of the pore phase for MA-PCEPS-48 is
visualized in Fig. 9 by a pore-network model of this macro-
porous alumina material templated with particle-coated
EPS. The actual pore volumes were not included for clar-
ity. Fig. 9a shows that some regions of the pore volume
are completely disconnected and that the pore volume does
not percolate. The connectivity of the pore phase is high-
lighted in Fig. 9b, in which the isolated clusters that are
not connected to the main percolating pore phase have
been removed. (Pore-network models of other macropo-
rous alumina materials are presented in SD, Fig. S3.) The
pore-network model and the number of connected pore
neighbors are derived from a medial axis algorithm applied
to the 3D dataset [26].

3.3. Permeability

The differences in local flow paths of fluid permeating
the macroporous alumina materials templated with
uncoated EPS and particle-coated EPS are visualized
three-dimensionally in Fig. 10. The two macroporous
EPS and PCEPS-templated alumina materials in Fig. 10
e connectivity and critical pore throat control of expandable poly-
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Fig. 5. The pore volume distribution (right) and representative two-dimensional slices (left), with each pore individually colored, from the X-ray micro-
computed tomography data. The macroporous alumina material MA-EPS-76 in (a) and (b) was templated with uncoated expandable polymeric spheres
(EPS), and MA-PCEPS-67 in (c) and (d) with alumina particle-coated EPS (PCEPS). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. The fraction of isolated pore clusters as a function of the total
porosity (%) for macroporous alumina (MA). The materials were
produced using uncoated or particle-coated (PC) expandable polymeric
spheres (EPS) as sacrificial templates. The data was retrieved from the X-
ray micro-computed tomography analysis.

Fig. 7. Throat size distributions of macroporous alumina determined by
mercury porosimetry. MA-EPS-76 and MA-EPS-46 were templated with
uncoated expandable polymeric spheres (EPS) and MA-PCEPS-67 and
MA-PCEPS-48 were templated with particle-coated EPS (PCEPS).
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had similar porosities (46% and 48%, respectively) but
quite different velocity and flow fields: in MA-EPS-46
(Fig. 10a) the fluid mainly permeated through wide pas-
sages, whereas in MA-PCEPS-48 (Fig. 10b) the fluid flow
was constricted by narrow pathways between spherically
Please cite this article in press as: Andersson L et al. Permeability, por
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shaped pores. The velocity fields represent the dominating
flow in the x-direction and were derived from the calcu-
lated permeability. In the on-line version of this article,
additional video data is available of the velocity intensities
and local flow fields visualized in three-dimensions.
e connectivity and critical pore throat control of expandable poly-
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Fig. 8. The distribution of the number of connected pore neighbors is
shown as its relative frequency of occurrence in macroporous alumina
materials templated with uncoated expandable polymeric spheres (EPS) or
particle-coated EPS (PCEPS). The porosities of the macroporous alumina
materials were 76%, 67% and 48%, respectively.
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Fig. 11 shows the permeability to fluid flow in the x- and
z-directions calculated on sub-volumes from the sacrifi-
cially templated macroporous alumina. The difference in
permeability in the two different directions is probably
related to the features of the production process: the sus-
pension was cast into cylindrical moulds which restricted
the expansion in the xy-plane, but allowed expansion in
the z-direction. Fig. 11 shows that the permeability of the
macroporous alumina increased with increasing porosity.
The permeability was lower for the materials templated
with PCEPS compared to the materials templated with
uncoated EPS.

The permeability, j, of a porous material is commonly
determined using Darcy’s law:

Q ¼ j � DP
l

A
L

ð2Þ
Fig. 9. Pore-network models of a macroporous alumina material templated wi
48). The isolated clusters of pores that are separated from the main pore phase
are represented by cylinders between pore centres. These pore-network section
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where Q is the amount of transported liquid, DP the pres-
sure drop, l the viscosity, the area A is the cross-sectional
area available for fluid flow and L is the length over which
the pressure drop is measured.

The Katz–Thompson model,

j ¼ C � / � l2
c

s
ð3Þ

is a commonly used model that is derived from Darcy’s
law. The model requires information on the porosity (/),
the critical pore diameter (lc), the tortuosity (s) and a con-
stant C, which depends on the distribution of pore sizes in
the material. The critical pore diameter, which corresponds
to the diameter of the smallest constriction of a set of pores
that percolate through the porous structure, is in this study
obtained from the inflection point of the simulated mercury
intrusion curve [20].

The tortuosity of the porous paths is an important fac-
tor in the Katz–Thompson model. It is given by the ratio
between the effective resistance (reff) of electrical current
across the pore phase filled with fluid to the conductance
of the fluid itself (rf), which we calculated for each sub-vol-
ume and for every direction (x, y and z) [34].

Fig. 12 shows the permeability predicted by the Katz–
Thompson model plotted against the simulated permeabil-
ity for macroporous alumina templated with uncoated EPS
and particle-coated EPS, respectively. The permeability
was simulated in all directions (x, y and z) using sample
volumes (1.443 mm3) eight times larger than the volumes
used for simulation in Fig. 11 to reduce the scatter.
Although the value of the constant C in the Katz–Thomp-
son model varies slowly over a wide range of pore shapes
and pore size distributions [38] we used C = 0.04 in corre-
spondence with previous studies [33,34]. We found that val-
ues calculated with the Katz–Thompson model were in
good agreement with the simulated permeability over the
th particle-coated (PC) expandable polymeric spheres (EPS) (MA-PCEPS-
remain in (a) but have been removed in (b). The connections between pores
s measure 5.3 � 0.6 � 5.0 mm3.
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Fig. 10. Three-dimensional visualizations showing snapshots of the velocity intensities and local flow paths in macroporous alumina materials. The flow
paths, advancing in the vertical direction, were derived from simulations of permeability. The darker color (red) represents a high flow velocity. The
volumes correspond to 1.443 mm3 of macroporous alumina materials templated with uncoated expandable polymeric spheres (EPS) or particle-coated EPS
(PCEPS): MA-EPS-46 in (a) and MA-PCEPS-48 (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 11. Simulated permeability plotted as a function of connected porosity for sub-volumes of macroporous alumina templated with uncoated
expandable polymeric spheres (EPS) or particle-coated EPS (PCEPS).

Fig. 12. Comparison of the simulated permeability to the estimated
permeability derived with the Katz–Thompson model for macroporous
alumina templated with uncoated expandable polymeric spheres (EPS)
and particle-coated EPS (PCEPS), respectively.
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investigated permeability range. This agreement indeed
suggests that it is the smallest constrictions in an assem-
blage of connected pores that govern the fluid flow through
the macroporous alumina materials.

4. Conclusions

The connectivity and the size of pore throats (windows)
in macroporous alumina have been tuned by a modified
sacrificial templating method. We coated the templating
material, expandable polymeric spheres (EPS), with
�10 wt.% (dry weight basis) alumina particles using
layer-by-layer adsorption of polyelectrolytes and alumina
particles. We then incorporated the coated EPS in a gel-
casting suspension, induced an expansion of the spheres,
removed the organic template, and pre-sintered the alu-
mina materials.
e connectivity and critical pore throat control of expandable poly-
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The particle coating on the EPS resisted the heat-
induced expansion of the spheres and thus resulted in smal-
ler pores and lower porosities compared to uncoated EPS.
We have shown that the particle coating on the EPS
reduced the coalescence of the expanding spheres, which
doubled the fraction of pore clusters isolated from the main
percolating pore phase when templating with particle-
coated EPS vs. uncoated EPS. Three-dimensional analysis
with X-ray l-CT showed that the particle coating reduced
the dimensions of the cell windows (throats) by two orders
of magnitude. The particle coating also decreased the num-
ber of cell windows (connections) between neighboring
pores.

We used a lattice-Boltzmann method to simulate the
permeability to fluid flow in the macroporous alumina
from the 3D data acquired by X-ray l-CT. The permeabil-
ity was decreased by up to two orders of magnitude when
templating with particle-coated EPS compared to uncoated
EPS in macroporous alumina materials of similar porosi-
ties. The simulated permeability and the permeability esti-
mations from the Katz–Thompsons model were in good
agreement over the whole range of investigated permeabil-
ity for all macroporous alumina materials. This agreement
suggests that the permeability in the macroporous alumina
materials is governed by the critical pore throat diameter.
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