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Introduction

ABSTRACT

Hierarchical macroporous-mesoporous alumina (HMMA) and hierarchical
mesoporous alumina (HMA) monolithic green bodies were fabricated by cold
isostatic pressing (CIP) of mesoporous alumina (MA) powder, which was prepared
by a quick, facile and very pure synthesis route that involved exploitation of the
naturally self-driven aluminum nitride powder hydrolysis. The hierarchically self-
assembled, nanocrystalline, yet micron-sized MA powder exhibited a controlled
porosity, a fine crystallite size, a relatively large surface area and large pore volumes.
The textural characteristics of the MA powder were analyzed, while the effect of the
consolidation pressure on the pore size evolution, mechanical and permeability
properties of the consolidated HMMA and HMA monoliths were investigated. At
the lowest CIP pressures, the HMMA monoliths possessed favorable permeability
characteristics with Darcian permeability constants up to 2 x 107"° m?, also
exhibiting a low thermal conductivity (>0.185 W/mK), sufficient flexural strength
(=6 MPa) with an accessible porosity of <65%, a pore volume of <0.69 cm®/gand a
macropore opening diameter of <370 nm at a constant mesopore opening diameter
of about 4.5 nm. Increasing the CIP pressure resulted in the shrinkage of the
macropores and a consequent suppression of the permeability characteristics;
however, the flexural strength of the HMA monolith CIPed at 800 MPa increased to
51 MPa, which is the highest reported strength for a dry-pressed, binderless ceramic
green body with an accessible porosity of 42% and a theoretical density of 44.3%.

of its surfaces, finding applications in industry as
adsorbents, catalysts or catalyst carriers, membranes
for filtration, binders, coatings, soft abrasives, etc. [1].

Mesoporous alumina (MA) is nowadays heavily
exploited due to its fine particle size, controlled
porosity, large surface area and the catalytic activity
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Recently, the potential use of MA in medicine as
biomaterials with increased osteoblast cytocompati-
bility properties, or as carriers and adjuvants, was
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also recognized [2, 3]. MA is derived from aluminum
(oxi)hydroxides (y-AIOOH; Boehmite) obtained by
topotactic dehydration/decomposition, meaning the
crystallographic orientations between the precursor
and the product are defined and reproducible. In this
way, the evolved texture and porosity of the MA,
along with the temperature of the transitions taking
place are influenced by the nature of the boehmite
precursor [1, 4, 5].

In the case of catalyst supports, porous electrodes,
sorption and/or separation, the incorporation of
macropores (>50 nm) into mesoporous (2 + 50 nm)
MA monoliths, yielding hierarchical macroporous—
mesoporous aluminas (HMMAs) [6-13] offers a
promising strategy to minimize the diffusion barriers
and potentially enhances the distribution of active
sites [14]. For example, if some fluid has to be intro-
duced into the monolith, macropores ensure a high
fluid permeability, while the mesopores (and micro-
pores) are the ones on which separation, activation
and/or degradation occur. The introduction of
macropores, however, should not deteriorate the
mechanical properties. However, the fabrication of
HMMA monoliths is currently still a challenging
process. The synthesis strategies to obtain MA pre-
cursor require either the use of alkoxides (sol-gel)
and organic solvents or complex and multiple-step
aqueous synthesis routes, both relying on lengthy
aging and calcinations treatments. The aqueous
approach is based on the neutralization of aluminum
salts and thereby requiring extensive washing, since
the cationic and anionic species as side-product
impurities limit the control of the precipitates’ mor-
phology [1, 15]. Both methods may employ various
complex and hazardous surfactants as structure-di-
recting agents, while the sol-gel route also requires
other organics for the purpose of gelation initiation
and phase separation. In addition to the complex
synthesis strategies and limited amounts of obtained
MA precursor, the degree of agglomeration and the
particle size distribution are rarely presented and
discussed, which are also important final properties
that ultimately determine its further industrial
applicability. On the other hand, the macropores are
commonly introduced to MA via replica techniques
using sacrificial templates, which then need to be
eliminated, i.e., burned out during the slow and
controlled calcination step. Moreover, except for the
surface properties, other important properties of
synthesized HMMA monoliths, such as mechanical,

11169

thermal and permeability characteristics, are often
not presented.

In the present paper, we report on a quick, facile
and very pure synthesis path for the preparation of
hierarchically self-assembled, nanocrystalline, yet
micron-sized, high surface area, MA powders,
exhibiting controlled porosity, a fine crystallite size,
relatively large surface area and pore volumes. It is
based on the naturally self-driven aluminum nitride
(AIN) powder degradation in aqueous environments,
i.e., hydrolysis, where our recent in-depth studies of
the solid reaction products of the AIN powder
hydrolysis [16, 17] along with its reaction kinetics [18]
made it possible for us to develop an innovative
synthesis of MA powders. Previously, we exploited it
in the hydrolysis-assisted solidification (HAS) of
ceramic suspensions for the processing of high-per-
formance porous alumina ceramics [19] and for the
synthesis of nanostructured alumina coatings with a
large surface area [20-22]. Here, we show how high-
performance HMMA and HMA monolithic green
bodies can be fabricated simply by the dry consoli-
dation of hydrolysis-derived MA powders via cold
isostatic pressing (CIP), not requiring any post-calci-
nation treatment. The characteristics of the synthe-
sized MA powder were inspected, and the effect of
the consolidation pressure on the pore size evolution,
mechanical and permeability properties of the con-
solidated HMMA and HMA monoliths were care-
fully investigated.

Materials and methods
Sample preparation

The mesoporous, y-alumina (MA) powder was syn-
thesized by hydrolyzing the AIN powder in a diluted
aqueous suspension. For this purpose, AIN Grade C
(H.C. Starck, Berlin, Germany) with a nominal par-
ticle size of 1.2 pm was used. A mass of 3 wt% of AIN
powder was dispersed in deionized water preheated
to 95 °C. The suspension was then placed in an oven
that was heated to 120 °C, where the hydrolysis took
place. After 4 h of hydrolysis, the suspension was
filtered, washed with 2-propanol (Sigma-Aldrich
GmbH, Taufkirchen, Germany) and air-dried at
150 °C for 2 h. The as-obtained MA powder was
calcined in a resistance oven in dry air at 500 °C at a
heating rate of 10 °C/min, with a dwell time of 1 h at
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the final temperature. The hierarchical mesoporous—
macroporous alumina (HMMA) and hierarchical
mesoporous (HMA) alumina monolithic green bodies
were fabricated by dry consolidation of the MA
powder. Prior to consolidation, the powder was held
at 150 °C in an oven. The initial uniaxial dry-pressing
in a 20-mm steel die at 50 MPa was followed by a
subsequent CIP using final pressures of 100, 200, 400,
600 and 800 MPa.

Characterization

Laser particle-size analyzer (LA-920, Horiba, Kyoto,
Japan) was employed for the particle size measure-
ment of the synthesized MA powder. Prior to dis-
persion of the MA powder in deionized water, 3-
basic ammonium citrate was used as a stabilizing
agent. The pH was simultaneously established to a
value of 8.5. The measurement was conducted after
5 min of stirring and ultra-sonication of the suspen-
sion in the sample cell. Scanning (SEM; JSM-7600F,
Jeol, Tokyo, Japan) and transmission (TEM; JEM
2100, Jeol, Tokyo, Japan) electron microscopy imag-
ing was used to evaluate the morphology of the MA
powder. A microstructural analysis of the consoli-
dated HMMA monolithic samples was performed
with SEM at an accelerating voltage of 5 kV. Prior to
the investigation, the surfaces of the monoliths were
ion-beam polished using an SM(09010-CP ion-beam
polisher (Jeol, Tokyo, Japan), where argon was used
as the source of the ions at 5 kV. X-ray diffraction
(XRD) patterns of the MA powders prior to consoli-
dation were recorded using a PANalytical X'pert
PRO MPD diffractometer (Almelo, Netherlands)
equipped with a PIXcel detector and using a Cu-Ky;
radiation source. The measurements were taken
using fixed divergence (1°) and anti-scattering slits, a
10-mm mask, a continuous scan mode in the 26 range
10°-75°, with a step size of 0.00656° and a scan speed
of 0.01113°/s. Nitrogen adsorption/desorption iso-
therms were recorded at liquid nitrogen temperature
using a nitrogen sorption analyzer (Quantachrome,
Nova 2000e). The samples were degassed at 250 °C in
a vacuum for 16-h prior to the measurement. The
surface area was calculated with the Brunauer-Em-
mett-Teller (BET) equation using the nitrogen
adsorption data in the P/P, range between 0.05 and
0.3 (7-point analysis), and the pore size distribution,
pore volume and average pore size were extracted
from the desorption branch of the isotherm using the

@ Springer

J Mater Sci (2017) 52:11168-11178

Barrett-Joyner-Halenda (BJH) method. The pore
volume and the pore size distribution of the HMMA
and MA monoliths were determined using a Pascal
series mercury intrusion porosimeter (Thermo Sci-
entific) within the pore size (diameter) interval
3.2 nm to 50 pum. The surface tension and the contact
angle of the mercury were set to 0.485 mN/m and
130°, respectively. The effective thermal conductivi-
ties of the samples were measured with a hot disk
thermal constant analyzer TPS 2500 s (HotDisk AB,
Gothenburg, Sweden), where two CIPed monolithic
green bodies in the form of cylinders with a mini-
mum height and diameter of 4 and 16 mm, respec-
tively were used for the measurement. A 6.4-mm hot
disk sensor was used. The measurement parameters
were set to 100 mW output power and 40 s measur-
ing time, which resulted in a temperature increase in
about 3 °C. An average value with a standard devi-
ation was calculated from six measurements per
sample with a 45-min conditioning time between
each measurement. More details can be found else-
where [23]. The biaxial flexural strengths were mea-
sured with a piston-on-three-balls setup, according to
the ISO 6872 standard, on a universal testing machine
(Quasar 100, Galdabini, Cardano al Campo, Italy) at a
loading rate of 1 mm/min. For each test, at least 3
samples were fractured, from which the average
strengths and standard deviations were calculated.
The permeability testing was conducted at room
temperature using cylindrical samples with a diam-
eter of 18-20 mm and a thickness of 3 mm, with fil-
tered compressed air as the fluid. The test setup was
constructed on the basis of DIN EN ISO 4022 in order
to achieve unidirectional, axial flow through the
specimen. A concentric sealing geometry facilitated
the prevention of radial flows, thus minimizing the
errors caused by radial pressure differentials within
the specimen volumes being tested. The permeated
area A was 84 mm?. Using a soap-bubble flow meter,
the stationary permeating gas flow Q was recorded as
a function of the differential pressure between the
upstream and downstream sides of the specimen,
varying Adp between 0.25 and 3 bar. Initially, a
screening of the permeability behavior as a function
of cold isostatic compaction pressure was conducted
using individual samples (CIP150—CIP800). The poor
mechanical properties of the CIP100 rendered per-
meability testing of these samples impossible. Sub-
sequently, batches CIP150 and CIP200 were tested in
more detail, recording between 8 and 12 sets of
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pressure drop and Q values per sample, with three
samples tested per batch. Using Forchheimer’s
equation for compressible fluids [1], the Darcian (k;)
and non-Darcian permeabilities (k;) were evaluated,
with p; and p, being the absolute pressures on the
upstream and downstream sides, respectively, and
assuming an air viscosity of 7 = 1.84-10> Pa-s and an
air density of p = 1.16 kg m™> (p, = 990 mbar and
T =22°C), Eq. 1:

PP _ nQ., r(Q ’ (1)
Zpo -1 k1 A kz A
ki and k, were calculated by fitting a quadratic

function to (pi-p3/2p,l) versus Q/A using the least-
squares method.

Results and discussion
Hydrolysis-derived MA powder

For the synthesis of the boehmite precursor (B; y-
AlOOH), the hydrolysis of the AIN powder was
exploited, which turns out to be an extremely facile
synthesis procedure that does not require any haz-
ardous solvents, salts or surface-active agents, nor
lengthy hydrothermal treatments. The kinetics and
aluminum hydroxide evolution are strongly depen-
dent on the starting temperature and pH of the sus-
pension [17, 24]. The hydrolysis and aging of the
diluted aqueous AIN powder suspension containing
3 wt% of solids, which was kept boiling for 4 h,
resulted in a complete degradation and transforma-
tion of the AIN particles to a well-crystallized y-
AlOOH phase, as shown in Fig. 1. After calcination at
500 °C for 1h, the y-AIOOH was topotactically
transformed into the y-Al,O; phase. During the
topotactic transformation, a slight structural collapse
of the y-AIOOH occurs due to the dehydration pro-
cess, followed by an aluminum migration process
occupying tetrahedral and octahedral sites. The out-
come of the process is that the morphological and
textural properties remain related to the nature of the
starting hydroxide [5, 25, 26]. The Scherrer equation
was used to obtain an estimate of the primary crys-
tallite sizes [27]. The calculation of the average crys-
tallite size was based on (010)g and (100)pa
diffraction peaks for y-AIOOH (B) and y-Al,O3; (MA),
respectively. The calculated d;0)5 and d00)ma Were
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Figure 1 XRD patterns of the as-synthesized MA precursor (y-
AlOOH) via the hydrolysis of AIN powder and the obtained MA
powder (y-Al,O;) after calcination at 500 °C for 1 h.

7 and 4 nm, respectively, indicating the nanocrys-
talline nature of the powders.

The SEM micrograph of the as-prepared MA
powder is shown in Fig. 2a. The powder is in the
form of micron-sized bundles of agglomerated
nanocrystalline 2D lamellas, or nanosheets, forming
flower-like structures. Such structures are indicative
of a hierarchical self-assembly, which is operating
during the AIN powder hydrolysis process [28]. The
benefit of hierarchical self-assembly is to ease the
processing of nanostructured powders, since their
arrangement into hierarchical, micron-sized entities,
while retaining their intrinsic “nano” features makes
them environmentally friendlier (less hazardous) and
easier to handle and recollect [29]. The AIN-hydrol-
ysis-based synthesis employed permits the prepara-
tion of abundant amounts of the MA powder, which
exhibits beneficial flowability characteristics, similar
to granulated powders and can be easily re-dis-
persed. The particle size distribution was determined
(Figure S1, Supplementary information). The distri-
bution was narrow and monomodal in type with a
Amean Of about 7 um. On the other hand, d;, d5p and
dgg were 3.7, 6.05 and 9.2 pm, respectively. A closer
inspection of the lamellar morphology of the powder
using TEM analyses reveals the nanocrystalline nat-
ure of the otherwise micron-sized MA powder. From
Fig. 2b, the thickness of a single 2D nanosheet was
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Figure 2 a Scanning and b transmission electron micrographs of
AIN powder hydrolysis-derived self-assembled MA precursor
powder.

estimated to be 6.6 nm, which is slightly more than
the estimation based on the Scherrer equation from
the XRD analysis (Fig. 1), where the value should be
slightly underestimated due to the instrumental
broadening. In addition, the homogeneously dis-
tributed mesopores are also clearly visible, confirm-
ing the mesostructured nature of the as-prepared y-
Al,O5 also facilitating the increased specific surface
area and pore volume. Similar structures have been
prepared previously via the neutralization of alu-
minum salts, but at the expense of requiring
hydrothermal or microwave-assisted synthesis and
extensive washing [30-32].

The typical nitrogen adsorption-desorption iso-
therm of the MA powder calcined at 500 °C plotted in
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Figure 3 a Nitrogen adsorption—desorption isotherm and b the
isotherm-derived pore size distribution for the hydrolysis-derived
MA powder calcined at 500 °C for 1 h.

Fig. 3a exhibits type-IV isotherms according to the
IUPAC classification, which is representative of
mesoporous materials. The textural properties of the
MA powder derived from the isotherm reveal a rel-
atively high mesopore volume of 0.64 cm®-¢~" and a
BJH pore diameter of 3.9 nm, being slightly above the
2-nanometre border between the micro- and meso-
porosity classifications. The BET specific surface area
was 207 m*/g. The BJH pore size distribution pre-
sented in Fig. 3b is indicative of a narrow pore size
distribution. The majority of the pores are concen-
trated in the diameter range 1.6-4.5 nm. The distri-
bution seems to be of the multimodal type with three
mean pore diameters. The first and most intense is
around 1.9 nm, while the second and third ones are
at 2.3 and 2.7 nm, respectively.



Figure 4 a Lower- and b higher-magnification scanning electron
micrographs of an ion-polished HMMA monolith consolidated at
100 MPa of CIP pressure.

Consolidated HMMA and HMA monoliths
Consolidation and structuring

The as-synthesized, hydrolysis-derived hierarchically
self-assembled MA powder exhibited excellent
powder flowability characteristics and consolidation
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behavior in the absence of binders and plasticizers. It
was consolidated and structured simply by dry
compaction, i.e., CIPing, to yield HMMA and HMA
monolithic green bodies in the form of pellets, where
the CIP pressure was varied from 100 to 800 MPa.
Figure 4a shows an SEM micrograph of the ion-pol-
ished surface of the HMMA monolithic green body
CIPed at 100 MPa. The micrograph is indicative of
the enhanced consolidation ability of the MA pow-
der, where micron-sized, agglomerated lamellar
bundles (Fig. 2) were brought into close contact. The
diameter of the bundles is about 1-2 microns in size.
The enhanced consolidation resulted in the formation
of homogeneously distributed macropores through-
out the green body, which are also around 1-2
microns in size. The higher-magnification SEM
micrograph (Fig. 4b) reveals a controlled demolition
of the hierarchical structures, where the 2D lamellar
nanosheets found in the larger macropores remain
intact, while when in contact, they provide mechan-
ical interlocking. In the middle of the micron-sized
bundles, the loosely packed, primary crystallites form
a mesoporous core structure of the HMMA monolith.

The CIP consolidation pressure dependence of the
as-formed HMMA and HMA monolithic green bod-
ies on the density, porosity, pore volume, and evo-
lution of the pore opening diameter was analyzed
using mercury intrusion porosimetry. The data are
presented in Table 1. All the parameters increase
and/or decrease almost linearly with an increase in
the consolidation pressure. Increasing the CIP pres-
sure from 100 to 800 MPa resulted in a density
increase in the HMMA and HMA monoliths from
0.94 to 1.51 g/cm’, which roughly corresponded to
an increase in the relative density from 27.6 to 44.3%.
On the other hand, the porosity and pore volume
decrease from 65 to 42% and 0.69 to 0.28 cm’/g,
respectively. The as-prepared HMMA is highly por-
ous, since it exhibits half or more open, accessible
pores up to 600 MPa of CIP consolidation pressure.

Table 1 Bulk density, pore

volume and porosity as a CIP (MPa) Density (g/cm’®) Porosity (%) Pore volume (cm®/g)
f;ﬁcsziza‘t’lfog‘e rig - 100 0.94 (27.6%") 65 0.69
tracted fr mpm ru 200 1.05 (30.8%") 59 0.55
?ntrj;:i(?n an(;lysese ffz:;rilhe 400 1.22 (35.8%") >4 0.36
s 600 1.40 (41.1%%) 45 0.31
HMMA and HMA monolithic 200 1,51 (44.3%) 1 028

green bodies

2 Calculated relative density when 3.41 g/cm® was taken as theoretical one
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The pore volumes, especially in the case of 100 and
200 MPa of CIP pressure are also very high for
monolithic green bodies, retaining the initial textural
characteristics of the precursor MA powder.

The hierarchical meso-macropores size evolution
is presented in Fig. 5 where the pore (opening
diameter) size distribution (PSD) as a function of the
consolidation CIP pressure from the mercury intru-
sion measurements is presented. The increase in CIP
consolidation pressure governs the PSD. At the low-
est pressures of 100-400 MPa, the green bodies
exhibit hierarchical mesoporous—macroporous char-
acteristics possessing a monomodal distribution of
mesopores with dpean positioned at approximately
4.5 nm, which corroborates well with the textural
results obtained from nitrogen adsorption. The dif-
ference is in the amount and the size of the opening
diameter of the macropores, when the HMMA
monolithic green body was CIPed at lower pressures.
The 100 MPa sample possesses more of the larger
(dmean) macropores compared to the 200 and 400 MPa
samples, i.e., 370 versus 270 and 120 nm, respec-
tively. With a further increase in the CIP consolida-
tion pressure, the macropores shrink even more,
becoming the larger fraction of hierarchical meso-
pores (labeled HMA instead of HMMA). Consoli-
dating the MA powder at the highest CIP pressures
of 600 and 800 MPa resulted in HMA bodies with a
bimodal PSD with larger fraction of mesopores at 44
and 25 nm, respectively. The as-formed green bodies
obtained via the dry consolidation route exhibit a
superior primary crystallite packing, resulting in

Micro 1 Meso Meso : Macro
[}
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800 . ---=-200
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) 500 i ‘\‘ X
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T 400 W AR
300 L Lo
=\ oty
200 Ao b
Y o ¢ i I
100 X ‘ :
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Pore opening diameter (nm)

Figure 5 Pore (opening diameter) size distribution of the HMMA
and HMA monoliths consolidated at different CIP pressures.
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green densities far exceeding 40% of theoretical
density, which, for example, is significantly higher
compared to slip casting, which is a wet colloidal
approach [33].

Thermal and mechanical properties

Thermal and mechanical properties of porous cera-
mic materials are important for their applicability.
Therefore, the influence of the PSD evolution in terms
of the consolidation CIP pressure on the thermal
conductivity and flexural strength of the HMMA and
HMA green monoliths were investigated, and the
results are presented in Fig. 6. The nanosized pri-
mary crystallites and the large number of hierarchi-
cally distributed meso- and macropores present in
the HMMA and HMA samples were indicative of the
increased insulating properties. It is known that the
thermal conductivity of the ceramics not only
depends on the porosity level, but it is significantly
influenced by the pore size-dependent phonon scat-
tering [34] and the crystallite size-dependent inter-
facial thermal resistance [35], especially for
crystallites smaller than 100 nm, as in the present
case. The combination of homogeneous 5-nm-size
primary crystallite packing (Fig. 2) in combination
with the high pore volume of the meso- and macro-
pores present in the HMMA consolidated monoliths
at the lowest CIP pressure of 100 MPa resulted in an
effective thermal conductivity that is slightly lower
than 0.190 W/m-K. With higher pressures, the con-
ductivity increased almost linearly, corresponding to
the increase in density (and decrease in porosity),
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Figure 6 Effective thermal conductivity and flexural strength as a
function of consolidation CIP pressure for the HMMA and HMA
monolithic green bodies.
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reaching 0.435 W/m-K at the highest CIP pressure of
800 MPa.

The mechanical properties of the green bodies
produced from consolidated MA powder in terms of
flexural strength were evaluated in order to check the
beneficial contribution of the unique evolution of the
microstructure, ie., the presence of hierarchical
macro—mesoporosity, combined with the homoge-
neous packing of the primary crystallites as well as
the 2D nanosheet-like secondary particle interlocking
as a result of the consolidation of the MA powder via
CIPing. The HMMA samples consolidated at 100 and
200 MPa containing the largest fractions of macrop-
ores and consequently the lowest densities (Table 1),
as expected, exhibited the lowest flexural strength of
about 6 and 10 MPa, respectively. It then steadily
increased with the increasing CIP pressure, reaching
16.2 and 27.5 MPa for 400 (HMMA) and 600 MPa
(HMA) samples, respectively. At the highest pres-
sure, the flexural strength reached a remarkable
51 MPa. Tensile strengths of several MPa were
already achieved in green bodies; however, in sam-
ples prepared via colloidal pressure filtration [36]
and/or the dry-pressing of granulated powders
containing binders [37], all possessed significantly
higher densities (lower porosities). Higher strengths
in porous alumina ceramics of several tens of MPa
were only achieved when partial sintering was
employed. In addition, preliminary measurements of
the hardness and elastic modulus for the 800-MPa
sample were taken, obtaining 0.69 and 21 GPa,
respectively. The values are coincidently very similar
to those measured for bone [38], advocating such a
shaping approach as a new possibility in the future
mimicking of structuring of biomaterials. Similar
properties were attained when vanadia nanoparticles
were self-assembled by the evaporation of colloidal
suspension to form a thin paper. The increased
mechanical properties measured with a nanotensile
tester were ascribed to hydrogen bond-reinforced
nanoparticle assemblies [39]. In our case, however,
we assume that homogenous dense packing of the
primary crystallites provides arrays of stacked crys-
tallites held together by Van der Waals forces. Future
TEM work is planned, where we will systematically
study the stress—strain behavior and fracture tough-
ness coupled with detailed TEM analysis in order to
better understand the increased mechanical strength
of HMMA- and HMA-consolidated green bodies.
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Permeability characteristics

Finally, the permeability characteristics of the
HMMA and HMA green bodies were evaluated and
are presented in Fig. 7. Initial screening results of the
permeability behavior of specimens showed a strong
decrease in gas flow with the increasing CIP consol-
idation pressure, and specific air flows spanning
several orders of magnitude (Fig. 7a). Accordingly,
both Darcian and non-Darcian permeabilities, corre-
sponding to the viscous and inertial contributions as
given in Forchheimer’s equation (Eq. 1), were found
to correlate with the CIP pressure (Fig. 7b). An in-
depth evaluation with an increased number of pres-
sure drop and gas flow sets and multiple samples
was conducted for batches CIP150 and CIP200 owing
to their favorable permeability characteristics. A
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Table 2 Summary of air

permeability characteristics of ~ CIP pressure (MPa) No. of samples k, (1071 m?) k (107"° m)
porous specimens 150 3 1+ L0 390 = 760
200 3 11.0 £ 0.6 2210 £ 450
400 1 1.15 7.86
600 1 0.284 0.281
800 1 0.076 0.030

Sample batches at CIP pressures of 150 and 200 MPa were tested in triplicate; hence, both mean and

standard deviation are listed

quadratic relationship between the pressure drop
and the gas velocity Q/A clearly indicates the pres-
ence of non-Darcian contributions (Figure S2, Sup-
plementary information), thus justifying the use of
Forchheimer’s relation for permeability calculations
in the recorded parameter range. The relative devia-
tions of the permeability values between individual
samples were found to be in the range of 5% for k;
and up to 20% for k;, thus demonstrating a good
reproducibility of the permeability characteristics, in
particular for the Darcian permeability k;. An over-
view of the permeability data for screening and in-
depth testing is listed in Table 2. Permeability char-
acteristics significantly decreased at higher com-
paction pressures. For specimens consolidated at 150
and 200 MPa, Darcian permeabilities in the range of
107" m? and above were observed. As expected,
owing to the pronounced mesopore structure, these
values are well below the permeabilities encountered
for porous ceramics with pore sizes in the pm range
[40]. However, they can be considered adequate for a
variety of applications in the fields of catalysis or
separation, e.g., being in the same permeability range
as structures proposed as membrane supports [41].

Conclusions

The naturally self-driven AIN powder hydrolysis
was exploited for a quick, facile and very pure syn-
thesis for the preparation of abundant amounts of
hierarchically self-assembled, nanocrystalline, yet
micron-sized, mesoporous alumina (MA) powder
with fine crystallite size, controlled porosity, a rela-
tively large surface area and pore volume, not
needing any surfactants nor lengthy aging or the
hydrothermal treatments. The MA powder is easily
dispersible and possesses excellent flowability char-
acteristics similar to granulated powders and is thus
suitable for dry consolidation. Using cold isostatic

@ Springer

pressing, hierarchical
alumina (HMMA) green monoliths were obtained,
exhibiting a low effective thermal conductivity and a
relatively high flexural strength, retaining the favor-
able textural properties from the MA powder, and
also showing promising permeability characteristics
with Darcian permeabilities exceeding 107"° m?.
Increasing the CIP consolidation pressure above
400 MPa resulted in the shrinkage of the macropores
obtaining hierarchical mesoporous alumina (HMA)
at the expense of deprivation of the permeability
characteristics. However, the flexural strength at the
highest CIP pressure of 800 MPa increased to 51 MPa
having an accessible porosity of 42%, which is the
highest reported strength value for an unsintered,
porous green body. The resultant powder consoli-
dation route not only has the potential for a con-
trolled preparation of HMMA and HMA monoliths
from hierarchically self-assembled powders, but
through homogenous, dense packing of the primary
crystallites, it has the potential to be suitable as a
superior nanomaterials-structuring strategy not
needing any thermal treatment in the field of pro-
cessing science and technology for porous engineered
and (bio)materials.

macroporous—mesoporous
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