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A B S T R A C T

Freeze-casting is a powerful consolidation technique for the fabrication of highly porous and layered-hybrid
materials, including ceramic-metal composites, and porous scaffolds for catalysis, bone substitutes and high-
performance membranes. The aqueous suspensions to be freeze-casted usually contain dense particles facili-
tating macroporous, layered ceramics with dense (nonporous) struts. In the present study, hierarchical macro-
mesoporous alumina (HMMA) monoliths were successfully prepared by freeze-casting of aqueous suspensions
containing hierarchically-assembled, mesoporous γ‒Al2O3 (MA) powder and cellulose nanofibers (CNF). As-
prepared monoliths were ultra-porous (93.1–99.2%), had low densities (0.01–0.25 g/cm3), and displayed rela-
tively high surface areas (91–134 m2/g), but were still remarkably rigid with high compressive strengths (up to
52 kPa). Owing to the columnar porosity and mesoporous nature of the struts the freeze-casted HMMA monoliths
exhibited high permeability and high thermal insulation, the latter ranging from 0.039 W/m∙K to 0.071 W/m∙K,
depending on pore orientation.
1. Introduction

Traditional macroporous ceramics are a class of materials important
in many technological solutions when it comes to applications related to
catalysis, filtration, high-temperature thermal insulators, light-weight
structural components and biomedicine [1,2]. Moreover, the benefits
of introducing hierarchical porosity have recently been recognized. The
presence of macropores considerably improves mass transport capacity
and the material’s diffusion properties [3–5]. On the other hand, intro-
duction of mesoporosity considerably increases the available specific
surface area of the monolith, thus enhancing the number of active sites
[4,6].

Alumina is one of the most widely used porous ceramics [7]. Espe-
cially in its gamma crystallographic form (γ‒Al2O3), the resultant mes-
oporous alumina (MA) has many unique properties such as
nanocrystallite size, high mesoporosity, large surface area, high surface
density of the hydroxyl groups, and low thermal conductivity [8]. γ‒
Al2O3 is regarded as an ideal candidate for the preparation of
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hierarchically macro-mesoporous alumina (HMMAs) materials [9–11].
There are two commonly used procedures for the fabrication of HMMA
monoliths. The first one is a combination of sol-gel synthesis of MA [12,
13] and phase separation, i.e. macropores are generated when a phase
separating agent, i.e., porogen, is added to the aluminum sol-gel pre-
cursor [6,14]. In the second procedure, a macroporous polymer template
is impregnated with alumina hydrosol [15,16]. The first route, however,
may suffer from cracking of the monoliths during drying [17], while in
the second route, control over the macropore insertion is difficult and
requires calcination procedures for removal of the sacrificial template
that can negatively affect the surface features.

On the verge of the 21st century, freeze-casting (FC), also known as
ice templating, was established as a powerful consolidation technique for
the fabrication of sophisticated (macro)porous and layered-hybrid ma-
terials [18–20] and would as such be potentially suitable for the prepa-
ration of HMMA. Such layered-porous materials show potential as
catalyst support adsorption and chromatography [27]. The layered na-
ture of the FC porous monoliths, not being as tortuous as those prepared
nstitute, Jamova 39, 1000, Ljubljana, Slovenia.
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Table 1
Overview of suspension parameters and consolidation conditions used in freeze-
casting.

Sample MA volume
fraction (ϕA)a

γMA (g/
mL)b

wCNF

(wt%)c
γCNF
(mg/
mL)b

Freezing rate
(�C/min)

FZC‒2 0.013 0.046 10.0 4.6 1
FZC‒3 0.013 0.046 10.0 4.6 6
FZC‒4 0.027 0.092 5.0 4.6 1
FZC‒5 0.027 0.092 7.0 6.6 1
FZC‒6 0.027 0.092 7.0 6.6 6
FZC‒7 0.054 0.190 2.0 4.0 1
FZC‒8 0.054 0.190 2.0 4.0 6
FZC‒9 0.082 0.289 1.0 3.0 1

a Volume of MA powder was calculated using apparent density (ρA) of 3.35 g/
mL [30].

b γMA and γCNF are mass concentrations of MA powder and CNF, respectively
(mass per 1 mL of suspension).

c Mass fraction of CNF was determined according to equation: wCNF ¼ mCNF/
(mCNF þ mMA) ∙100.
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by porogens, is beneficial when high flow/pressure of gas is applied thus
reducing the pressure drop. Several studies can be found on FC of
aqueous suspensions containing non-(meso)porous alpha-alumina (α‒
Al2O3) particles [21–26]. After FC consolidation and sintering, the ob-
tained monoliths are always macroporous (40–95%), exhibiting ordered,
lamellar or columnar pore structure and more or less dense struts.

A recent study of Dhainaut et al. showed possibility to fabricate
HMMA by the careful control and consecutive execution of sol-gel
chemistry, surfactant self-assembly, and ice-templating, where the final
properties of ice-templated monoliths are influenced by 13 interdepen-
dent parameters [5]. The influence of final calcinating step, where
boehmite is transformed to gamma alumina, on the mechanical proper-
ties (degradation) of monoliths was not discussed. While this study
importantly implements the structuring of HMMA from boehmite sols
excluding the need of using porogens, the strategy employed cannot be
used for structuring commercially-available MA powders, or those syn-
thesized by other means, for example, by exploiting the AlN powder
hydrolysis [27,28], and other difficult-to-consolidate porous materials
without calcinating/sintering steps, such as zeolites. Ojuva et al. suc-
cessfully structured zeolite 13X monoliths with a laminated structure and
hierarchical macro/microporosity by FC colloidally stable aqueous sus-
pensions of zeolite powder, bentonite, and polyethylene glycol. For
achieving mechanically stable zeolite 13X monoliths thermal treatment
at 1053 K was required were 9 and 17 wt % bentonite acted as inorganic
binder [29].

Indeed, in FC process it is imperative that the aqueous suspensions to
be freeze-casted are colloidally stable and are not prone to agglomera-
tion, segregation, or sedimentation. In a recent study we have shown how
it is possible to prepare stable, highly loaded aqueous suspensions con-
taining AlN-hydrolysed, hierarchically assembled MA powder with high
surface area [30]. With the addition of sufficient amounts (>1 wt%) of
cellulose nanofibers (CNF), interparticle association (networks) between
sodium polyacrylate (NaPAA) stabilized MA particles and CNF was
triggered. As a result, stable suspensions neither prone to sedimentation
nor particle segregation over longer time periods (more than 12 weeks)
were prepared.

The present follow up study was designed to employ, for the first
time, the above mentioned aqueous interparticle associations of
hierarchically-assembledMA particles and CNF in the FC process in order
to prepare mechanically stable, highly-porous HMMA ceramic monoliths
not requiring calcination nor sintering step. The goal was to freeze cast a
hierarchically porous material exhibiting reasonable mechanical prop-
erties, low thermal conductivity and high permeability, suitable for high
flow applications. The influence of individual processing parameters
such as MA powder volume fraction, CNF content and freezing rate, on
porosity, permeability, insulative and mechanical properties of fabri-
cated HMMA monoliths was studied in detail.

2. Materials and methods

2.1. Preparation of starting materials

2.1.1. Synthesis of MA powder
Hydrolysis of AlN (Grade C, H.C. Starck, Germany) was used to pre-

pare the MA powder. Distilled water was heated to the boiling point in a
glass beaker, then AlN powder (10 wt%) was added during constant
mixing. The beaker was covered, placed in an oven and left to boil for 7 h.
After 7 h, the suspension was filtered (filter paper Grade 393, Sartorius
AG, Germany), washed with isopropanol, and dried at 120 �C for 24 h.
The dried powder was sieved (mesh 230) and treated in air at 500 �C for
1 h (heating rate 10 �C/min). The as-prepared MA powder consisted of
hierarchically assembled, globular micron-sized aggregates with a mean
particle size of 8.9 μm. MA powder also displayed high mesoporosity
(0.47 mL/g) and a relatively high surface area of 180 m2/g. A detailed
description of the synthesis path and characterization of as-synthesized
MA powder can be found elsewhere [30].
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2.1.2. Cellulose nanofiber gel preparation
Cellulose nanofibers (CNF) were extracted from bleached Eucalyptus

globulus kraft pulp. An aqueous wood pulp suspension was chemo-
mechanically nanofibrillated by TEMPO-mediated oxidation in combi-
nation with defibrillation in a high-pressuremicrofluidizer (Microfluidics
Corp., USA). As a result a 1.55 wt% CNF gel with carboxylated nanofibers
(900 μmol/g charge) and approximate fiber thickness of � 2 nm was
obtained [31].

2.2. Freeze-casting process

2.2.1. Preparation of MA-CNF aqueous suspensions
Suspensions were prepared as follows: 1.4 wt% of sodium poly-

acrylate (MW 225 000, 20 wt% aqueous solution), obtained from Poly-
sciences Europe GmbH, Germany, and a predetermined quantity of
distilled water were added to a plastic bottle and mixed with a magnetic
stirrer. In the second step the CNF in mass fraction (wCNF) between 1 and
10% was added into the water solution of sodium polyacrylate (NaPAA)
and thoroughly mixed again. Subsequently, the MA powder in volume
fractions (φA) between 0.013 and 0.082 was slowly added during mixing.
For calculation of φA apparent density (ρA) was used (3.35 g/mL) [30].
The suspensions were homogenized in a slow 24 h ball milling. Zirconia
balls of 10 mm diameter were used (approximately 2 balls per 10 mL of
suspension). In the last step, where needed, NaOH (Neolab Migge GmbH,
Germany) was added to set the pH value to 9 (SevenMulti pH meter
equipped with an InLab expert pro electrode, Mettler Toledo, Interna-
tional Inc., USA).

For all suspensions, except FZC‒1, amounts of NaPAA and CNF were
calculated based on the mass of dry MA powder. Components amounts,
i.e., mass fractions of NaPAA and CNF, for preparation of FZC‒1 (pre-
pared without MA powder), were calculated based on mass of water
instead of dry MA powder. The suspension FZC‒1 was prepared with the
following ratio: per 10 mL of water 0.013 g of NaPAA and 0.066 g of CNF
were added (masses of CNF and NaPAA per 10 mL of suspension were the
same as in the case of monolith FZC-5). Monoliths FZC‒1 were frozen at
the rate of 1 �C/min.

2.2.2. Freeze-casting process
In Table 1 an overview of suspensions parameters used for the freeze-

casting process is given. Since the monoliths FZC‒1 were prepared
without MA powder, their preparation parameters were not included in
Table 1.

For freeze-casting, suspensions were poured in either a cylindrical
PTFE mold with inner diameters of 25 mm (Vsusp� 16 mL) or 10 mm
(Vsusp� 1.5 mL) or in a square shaped PTFE mold with a side length of 20
mm (Vsusp� 10 mL). The mold was placed on top of a copper rod



Fig. 1. Illustration of consolidation process with emphasis on key-properties of as-prepared monoliths. a, Illustration of freeze-casting process. b, Cylindrical-like
monolith after freeze drying. c, Cuboid-like monolith after freeze drying. d, SEM of monolith FZC‒5, which contained ϕA ¼ 0.027 of MA powder and 7 wt% CNF
(Table 1) viewed in axial direction (top view). e, SEM of monolith FZC‒5 viewed in radial direction (side view). f, SEM of monolith showing high surface area,
originating from hierarchical assembly of 2D-nanosheets during AlN-hydrolysis. g, Freeze-casted monolith can be placed on a tip of a feather. h, Monolith FZC‒5,
showed excellent thermal insulation. i, Monolith FZC‒5, with ρG ¼ 0.11 g/cm3 can sustain more than 1500 times its own weight.
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immersed in liquid nitrogen (Fig. 1a). The temperature at the top of the
rod was controlled with the help of a thermometer and a heating ring.
Suspensions were freeze-casted at two different (linear) freezing regimes
(1 K/min or 6 K/min). The starting temperature of the copper rod was 5
�C, while the end temperature was �50 �C. Freeze-casted samples were
taken from the mold and placed in a freeze dryer (2–4 LSCbasic, Martin
Christ Gefriertrocknungsanlagen GmbH, Germany) set to T¼�80 �C and
p ¼ 0.001 mbar for the ice to sublimate.

For comparison, dry-pressed disk-shaped specimens were prepared.
For this purpose, synthesized MA powder was dried at 200 �C and then
firstly uniaxially dry-pressed in a steel die of 25mmdiameter at 100MPa,
followed by a subsequent cold isostatic pressing (CIP) step using a final
pressure of 200 MPa (MA‒CIP200). Preparation and characterization of
monoliths via CIP of hydrolysis-derived-MA powder was already re-
ported elsewhere [32].
2.3. Characterization of freeze-casted monoliths

All samples were conditioned in a vacuum dryer at 40 �C for at least
24 h prior to all the measurements. Also if not otherwise stated aside
from drying, no sample treatment was carried out prior to analyses.

Scanning electron microscopy (SEM; ULTRA plus, Carl Zeiss SMT,
Germany) was used to characterize the shape of the pores in freeze-casted
samples. Due to low conductivity, samples were coated with gold prior to
analysis. The SEM analysis was performed at an accelerating voltage of 5
kV. For the SEM analysis, sections of monoliths were cut with a sharp
scalpel perpendicular and parallel to the ice growth direction. Therefore,
axial direction is parallel to the orientation of columnar pores, while the
radial direction is perpendicular to it (Fig. 1a).

Nitrogen adsorption/desorption isotherms were obtained using a
3

nitrogen-sorption analyzer (Nova 2000e, Quantachrome GmbH & Co.
KG, USA). The Brunauer–Emmett–Teller (BET) equation with the data in
the P/P0 range of 0.01–0.3 was used for calculations of the specific sur-
face areas. For analyses cylindrical monoliths with a diameter of 10 mm
and height of 20 mm were used. To accommodate the dimensions of
measuring cell, the monoliths were first cut in half in radial direction and
then each half was additionally cut into four pieces in axial direction. All
pieces were placed into a measuring cell and degassed at 150 �C for 24 h
prior to the measurement. One measurement per batch was carried out.

Mercury-intrusion porosimetry (Pascal 140 and Pascal 440, Thermo
Fisher Scientific, USA), with pressures from 10 kPa up to 400 MPa
(corresponding to a pore diameter interval from 115 μm to 3.2 nm) was
used to determine the porosities and pore size distribution of green
bodies and pure MA powder. The surface tension and the contact angle of
the mercury were set to standard values of 0.485 mN/m and 130�,
respectively. Two measurements were carried out for each of the samples
and the results are given as an average value. Dimensions of monoliths
were adjusted so that the volume of pores was between approximately
250 and 350 mm3. Cylinders with a diameter of 10 mm were used. Their
height was first adjusted to 14 mm (by cutting of equal parts from the
upper and bottom side). Then individual pieces were also cut in axial
direction into three approximately equal parts. For analysis of FZC‒1,
FZC‒2 and FZC‒3 all three parts had to be used to achieve adequate
volume of pores, while for other monolith only one third was enough.

Geometric densities (ρG) were calculated by weighing the monoliths
(with a precision of �0.001 g) and measuring their volume. Volume was
estimated by measuring the height and the diameter of one cylindrical
monolith (diameter of 25 mm) and one cubic monolith (side of 20 mm)
with a digital caliper (with a precision of �0.01 mm). Where needed, the
upper surface of monolith was gently polished using silicon carbide



Fig. 2. A) μ‒CT of monolith FZC‒5 viewed in radial direction. B) μ‒CT of monolith FZC‒5 viewed in 3D. C) μ‒CT of monolith FZC‒5 viewed in axial direction.
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grinding paper (2400 grit) to make it parallel to the bottom plate. The
average value of ρG is given as a result.

Monoliths with a diameter of 10 mm and approximate height of 15
mm were used to perform X-ray micro-computed tomography (μ‒CT).
XRadia MicroXCT-400 tomograph (XRadia, Concord,CA, USA) was used
to investigate the structural characteristics of the specimens. The beam
energy and the intensity were set to 40 kV and 176 μA, respectively. No
filter was used. With this method, 500 projection images at an exposure
time of 5 s per projection were acquired on the charge-coupled device
(CCD) camera, where the resolution of scanned samples using macro
objective (0.39�) was 10.6 μm for one pixel.

The thermal conductivity (λ) and specific heat capacity (cp) of CIP or
freeze-casted monoliths were measured with a Hot Disk thermal constant
analyzer TPS 2500 S (HotDisk AB, Gothenburg, Sweden). A 6.4 mm
Kapton sensor, sandwiched between a pair of cylindrical/cubic samples,
was used for the determination of λ. Where needed, the upper surface of
monolith was gently polished using silicon carbide grinding paper (2400
grit) to make it parallel to the bottom plate. The measurements were
performed in the anisotropic module. The specific heat capacity of the
monoliths was determined using a special sensor-cell, consisting of an
insulated hollow gold cylinder. The average values were calculated from
five measurements per sample with a 1-h conditioning time between
individual measurements for thermal conductivity and 2-h conditioning
time for heat capacity measurements. A detailed description of the
experimental process can be found in the Supplementary Material.

Thermographic images were captured with an infrared thermal
camera (Fluke Ti55FT IR FlexCam) with a thermal sensitivity of 0.05 �C.
Cylindrical samples (diameter of 25 mm and approximate height of 25
mm) were placed on a stage made of mullite fiber wool. A round hole was
made in the middle of the wool for the heating source (a small copper
cylinder with diameter of 10 mm). The temperature at the top of copper
cylinder was approximately 180 �C.

Permeability testing was conducted at room temperature using cy-
lindrical samples with a diameter of 10 mm and a height of 25–30 mm,
with filtered compressed air as fluid. The specimens were radially sealed
Table 2
Summary of specific surface areas and porosities of freeze-casted monoliths.

Sample Specific surface area (m2/g) Geometric density (g

FZC‒1 45 0.011 � 0.001
FZC‒2 91 0.056 � 0.002
FZC‒3 / 0.056 � 0.001
FZC‒4 105 0.097 � 0.002
FZC‒5 100 0.108 � 0.007
FZC‒6 117 0.109 � 0.010
FZC‒7 128 0.172 � 0.006
FZC‒8 138 0.177 � 0.003
FZC‒9 134 0.272 � 0.002
MA‒CIP200 138 1.158 � 0.003

a Calculated as (1‒ρrel) ∙100%; ρrel is the relative density and is calculated as ρgeom/
components; values ρCNF ¼ 1.46 g/cm3, ρMA ¼ 3.95 g/cm3 were used.

b Sample was partly crushed during measurement. Results should be interpreted ca
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using heat shrink tubing. The stationary permeating gas flow Q was
recorded as a function of differential pressure Δp between upstream and
downstream side of the specimen. A minimum of 12 sets of pressure drop
and Q values were recorded per sample in the Δp range between 0.6 and
up to 2.4 bar, the maximum pressure depending on sample integrity
during testing. Three samples were tested per batch. Darcian (k1) and
non-Darcian permeability (k2) were determined based on Forchheimer’s
equation for compressible fluids [33], shown in Eq. 1 (Supplementary
Material).

The compressive strength measurements were performed using
Quasar 100 (Galdabini, Cardano al Campo, Italy) with a 100 N load cell.
Cylinders with a diameter of 25 mm and an approximate height of 25 mm
or cubic monoliths with a side length of 20 mm were used to determine
compressive behaviour in axial and radial direction in regard to the ice-
growth direction, respectively. The monoliths were compressed at a
constant speed of 0.5 mm/min. Two samples were tested for each batch
and the results were averaged. Results where only one sample per batch
was compressed are clearly marked (Table S3, Supplementary Material).
Since maximum two samples per batch were tested, the obtained results
should be regarded as an estimation, but are still sufficient for estab-
lishing the influence of individual processing parameters on compressive
properties.

3. Results and discussion

The freeze-casting process (Fig. 1a) enabled the formation of cylin-
drical- or cuboid-like hierarchically macro-mesoporous γ‒Al2O3 mono-
liths (HMMAs) (Fig. 1b and c, respectively). As-prepared HMMA
monoliths exhibited columnar/channel-like porosity running parallel to
the freezing direction (Fig. 1d and e), where the mesoporous struts were
composed of hierarchically-assembled MA consolidated particles entan-
gled in a CNF percolating network contributing to overall high surface
area (Fig. 1f). The monoliths were highly porous i.e., up to 98.5%, and
thus could be placed on a tip of a feather without bending it (Fig. 1g).
Monoliths The resultant microstructural features of the as-prepared
/cm3) Geometric porositya (%) Hg intrusion porosity (%)

99.2 � 0.1 96.6 � 0.3
98.5 � 0.1 96.5 � 0.3
98.5 � 0.0 96.1 � 0.1
97.5 � 0.1 96.2 � 0.6
97.1 � 0.2 96.8 � 0.2
97.1 � 0.3 96.2 � 0.4
95.6 � 0.2 94.4 � 0.5
95.4 � 0.1 94.3 � 0.1
93.1 � 0.1 90.8 � 0.9b

70.7 � 0.1 71.0 � 0.1

ρtheor; theoretical density was estimated from mass fractions and densities of the

refully.



Fig. 3. SEM image showing MA particle entrapped in CNF network.

Fig. 4. SEM images of A) monolith FZC‒1, B) monolith FZC‒2, C) monolith FZC‒5, D
of MA powder volume fraction on pore size distribution in samples frozen at 1 �C/m
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ceramic “foams” contributed to the excellent insulative properties with
average thermal conductivity value as low as 0.06 � 0.003 W/m∙K
(Fig. 1h) and to a high stiffness, since they were able to hold up to 1500
times their own weight (Fig. 1i).
3.1. Structural characterization

Porous materials, prepared by unidirectional freezing of aqueous
suspensions, are distinguished by an evolution of pore channels, which
are a replica of the ice crystals formed during freezing [18,34].

When a unidirectional freezing temperature gradient is applied to the
suspension, the growth of ice crystals is not random, but rather direc-
tional, i.e. they are forced to grow along the temperature gradient [18].
As a consequence, pore channels with long-range order run continuously
along one axis of the monolith, that is from the bottom to the top [35].
Evolution of such ordered pore channels, i.e. columnar porosity in
HMMAs running parallel to the ice growth direction was confirmed by μ‒
CT analysis (Fig. 2A and B). Amore detailed investigation of μ‒CT images
taken perpendicular to ice-growth (Fig. 2C) showed that the structure
was not completely random, but exhibited some short-range order.
Smaller sections in which pore walls were locally aligned could be
observed, but no long-range order was present. Such randomly
) monolith FZC‒7, E) monolith FZC‒9, all viewed in axial direction. F) Influence
in. Arrows indicate pores bigger than 115 μm.



Table 3
Summary of air permeability characteristics of HMMA.

Monolith No. of samples k1/�10�12 m2 k2/�10�7 m

FZC-5 3 2.39 � 0.19 9.15 � 6.51
FZC-7 3 4.31 � 0.47 2.23 � 0.26
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orientated domains, containing organized lamellae, are characteristic for
monoliths frozen on a cold finger with a smooth surface [18,36].

Geometric densities were between 0.056 and 0.272 g/cm3 for freeze-
casted monoliths containing MA powder. This corresponded to porosities
as high as 98.5% (Table 2). Additionally, an increase in MA volume
fraction caused the expected trend of increasing density (ρG) and
decreasing porosity. The density of monolith FZC‒1 (prepared without
MA powder) was considerably lower (0.011 g/cm3) and comparable to
the already reported densities of CNF aerogels [37,38].

A trend of increasing specific surface area (SSA) with an increasing
MA/CNF ratio can be observed (Table 2). Additionally, when comparing
SSA of two monoliths with the same MA/CNF ratio, but frozen at two
different rates (FZC‒5/FZC‒6 and FZC‒7/FZC‒8) a considerably higher
surface area is obtained for monolith frozen at faster rate. The latter is to
be expected, since faster cooling rate results in smaller pores and thus in
higher (macro)pore surface area (Fig. S2, Supplementary Material). The
surface areas of monoliths containing MA powder (FZC‒2 to FZC‒9)
were in the range of 91–134 m2/g, while for monolith containing only
CNF and NaPAA (FZC‒1) SSA was much lower SSA (�45 m2/g). A
portion of the surface area, possessed by the pure MA powder (180m2/g)
[30], was likely lost due to a partial coverage of the MA surface by the
CNF network (Fig. 3).

SEM imaging (Fig. 4A–E) confirmed μ‒CT findings, that is, that in the
majority of the monoliths columnar pores were formed. With increasing
MA powder volume fraction, pore sizes started to decrease, pore walls
started to thicken, and the columnar structure became less distinct. At φA

¼ 0.054, columnar porosity was still present, but its shape was no longer
as well defined (Fig. 4D) as in monoliths containing lower MA volume
fractions (Fig. 4B and C). At φA¼ 0.082, the volume fraction was too high
to enable formation of columnar porosity andwalls (Fig. 4E). The gradual
transition from columnar porosity to randomly shaped pores was prob-
ably related to an insufficient mobility of the dispersed particles which
led to an early entrapment of the suspended particles in the advancing
freezing front [35] and to a randomly shaped pores.

Due to the intrinsic mesoporosity of MA powder, monoliths FZC‒2
through FZC‒9 also possessed a substantial amount of mesopores
(approximate value of 0.12 cm3/g, with the average pore diameter of 6
nm) beside macropores, i.e. they were hierarchically porous (inset of
Fig. 4F). Presence of CNF, which on its own possessed almost no meso-
porosity (�0.03 cm3/g for monolith FZC‒1), was apparently responsible
for the decreased mesoporosity of HMMAs in comparison to the pure MA
powder, which possessed the mesopore volume of 0.27 cm3/g (Fig. S1J,
Supplementary Material).

The expected trend of decreasing porosity with increasingMA volume
fraction can indeed be observed (Fig. 4F and Table 2). However, there
were slight deviations at lower volume fractions (φA < 0.054). Porosities
determined by Hg intrusion were lower at lower MA volume fractions,
when they should have increased with decreasing solid content [22]. A
closer look at intrusion curves showed that in the case of φA < 0.054
there was a sharp increase of the dV/dlog(D) curve at pore diameters
above 100 μm (Fig. 4F). This indicates that there were pores larger than
115 μm, i.e. larger than the detection limit. The presence of the latter was
additionally confirmed by SEM (Fig. 4, A‒C). Consequently, porosities
determined by this method were lower that the real values. Geometri-
cally determined porosities (Table 2) were closer to the true values and
followed the expected trend. The mentioned rise of the intrusion curves
at pore diameters of �115 μm was however not observed for monoliths
FZC‒7 and FZC‒9, indicating that pores exceeding 115 μm were not
formed. Consequently, the match between geometrically and
Hg-intrusion determined porosities was much better (almost identical) at
higher MA volume fractions, while substantial differences could be
observed for lower volume fractions.

Monolith FZC‒1 (prepared without MA powder) had the widest pore
size distribution (from 1 μm to well over 115 μm) with the biggest pores
(up to 320 μm), as can be seen from Fig. 4A and F. While the pore size
distribution of monolith FZC‒2 was still very broad (comparable to FZC‒
6

1), the pores were slightly smaller, with the largest pores detected around
180 μm (Fig. 4B). On the other hand, a much narrower pore size distri-
bution can be observed for monoliths with ϕA � 0.054. The modal pore
diameter of monolith FZC‒5 was 40.5 μm, while for FZC‒7 the size
distribution was even narrower, with a slightly lower modal pore
diameter appearing at 29.7 μm. The narrowest pore size distribution was
detected in monolith FZC‒9, with the main peak at a much lower
diameter (7.8 μm). Additionally, with increasing MA volume fraction the
number of pores exceeding 115 μm decreased, until the volume fraction
was high enough (φA � 0.054) to entirely prevent their formation.

3.2. Permeability

Materials with high, columnar porosity are usually distinguished by
improved gas permeability [39,40]. Thus Darcian (k1) and Non-Darcian
(k2) permeability were determined for monoliths FZC‒5 and FZC‒7.
Both the Darcian permeability (corresponding to a viscous flow regime)
and the Non-Darcian permeability (corresponding to inertial effects)
were determined based on Forchheimer’s equation for compressible
fluids (Eq. 1, Supplementary Material). The k1 and k2 values found for
monoliths generated in this work were comparable to the ones obtained
for freeze casted and sintered alumina monoliths [41] and to the typical
values encountered for fibrous filters [33]. On the other hand, their
permeability was considerably better than the permeability of alumina
foams [42] or HMMAs prepared by cold isostatic pressing of the sameMA
powder as used in this study (k1 ¼ 0.08–22.1 � 10�16 m2, k2 ¼
0.03–5390 � 10�15 m) [32].

Variation of k1 values between monoliths of the same batch was
relatively low, indicating a good reproducibility of permeability char-
acteristics. The k1 of monolith FZC‒7 was somewhat higher than that of
monolith FZC‒5 (4.31 � 10�12 and 2.39 � 10�12, respectively, Table 3),
while the Non-Darcian permeability contributions seemed to be higher
for FZC‒5 (9.15� 10�7 in comparison to 2.23� 10�7 for monoliths FZC‒
7). While k1 is mostly dependent on sample porosity and pore size, k2 is
also sensitive to the changes in flow and velocity of gas molecules [41].
Since the porosities and pore size distribution of monoliths FZC‒5 and
FZC‒7 were relatively similar (Fig. 4F and Table 2), the differences be-
tween k1 values were also relatively small. On the other hand, there is
more than 300% difference between Non-Darcian permeability. From
SEM images (Fig. 4C and D), a clear transition from a columnar structure
(FZC‒5) to more randomly shaped pores (FZC‒7) can be observed. Since
the pores in the case of monolith FZC‒5 exhibited a higher alignment,
i.e., were less tortuous, the air flow was less obstructed and the resulting
permeability was higher.

However, a rather high error in the determination of k2 for monolith
FZC‒5 should not be overlooked (Table 3). The error of k2 value for
monolith FZC‒5 could be related to the rather limited monolith strength
observed during permeability measurement. The latter may have led to
potential warping or degradation of the monoliths and consequently
affected the flow and velocity of gas molecules, which in turn affected k2.

3.3. Mechanical properties

Fig. 5A and B shows the stress-strain curves of monoliths containing
different MA volume fractions and CNF contents. Due to the anisotropic
structure (Fig. 4A‒D), selected monoliths were compressed in axial as
well as in radial direction in order to establish the influence of pore
orientation (Fig. 5B). The curves had a shape typical for porous monoliths
containing cellulose [43]. At low strains, a linear elastic region can be



Fig. 5. A) Stress-strain curves of monoliths prepared with different contents of MA powder and CNF, measured in axial direction. B) Stress-strain curves of monoliths
prepared with different contents of MA powder and CNF, measured in radial direction. Pictures 1A–6A show monoliths compressed in axial direction at 5 and 20%
strain as indicated by the arrows, while pictures 1B–3B show monoliths compressed in radial direction at 20% strain. C) Influence of CNF content and MA volume
fraction on compressive behavior (axial direction). Monoliths contained either the same amount of MA powder (FZC‒4 and FZC‒5) or the same amount of CNF (FZC‒2
and FZC‒4). Mass of CNF is given in mg of CNF per 1 mL of suspension.

Table 4
Summary of compressive properties of freeze-casted monoliths.

Sample Yield point
(kPa)

Young’s modulus
(kPa)

Yield point
(kPa)

Young’s modulus
(kPa)

axial
direction

axial direction radial
direction

radial direction

FZC‒
1a

4 130 1 � 0 20 � 10

FZC‒2 20 � 2 590 � 20 2 � 0 70 � 10
FZC‒3 5 � 1 610 � 40 / /
FZC‒
4a

28 930 / /

FZC‒5 52 � 6 1080 � 430 14 � 0 410 � 40
FZC‒
6a

40 1000 / /

FZC‒7 13 � 1 670 � 190 12 � 1 510 � 110
FZC‒
8a

14 620 / /

FZC‒9 2 � 0 150 � 40 2 � 0 130 � 60

a Axial compressive properties that were determined from only one monolith
per batch.
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observed, where deformation was mainly a consequence of pore walls
elastic bending [44]. From the end of this region yield points were esti-
mated and the compressive modulus was calculated (Table 4). The linear
zone was followed by a plateau region, where the porous structure
collapsed under increasing stress.

Pictures were taken during testing at different strains (10 and 15% for
axial direction and 20% for radial direction), shown in Fig. 5 (pictures
1A–6A and 1B–3B, respectively). The monoliths with CNF content �0.4
mg/1 mL of suspension (FZC‒7 and FCZ‒9) cracked during compression,
while the monolith containing very low MA volume fractions, i.e. φA �
7

0.013 (FZC‒1 and FCZ‒2) exhibited caving in. It thus follows that a
certain ratio between MA and CNF is needed in order to achieve the best
possible mechanical response in both directions. Since monolith FZC‒5
showed no visible changes, i.e. cracking or caving in after compression in
any of the tested directions, it follows that its mass ratio betweenMA and
CNF was the closest to the optimal one in regards to mechanical prop-
erties (approximately 15:1). Deviations from this ratio either in the favor
of CNF or MA powder content resulted in poorer compressive properties.

The yield point values of HMMA compressed in axial direction
decreased when the total CNF content was decreased (Fig. 5A and
Table 4). It followed that the highest yield point of 52 kPa was observed
for monoliths FZC‒5, which contained the highest mass of CNF (6.6 mg/
mL of suspension). The same monolith also exhibited the highest rigidity,
i.e. had the highest Young’s modulus of 1080 kPa. Accordingly, the
lowest yield point value (2 kPa) and lowest Young’s modulus (150 kPa)
were obtained for the monolith containing the lowest CNFmass (FZC‒9),
i.e. 3.0 mg/mL of suspension (Table 1). While the decrease in yield point
values was directly dependent on the absolute CNF content, Young’s
modulus was also influenced byMA powder content. Consequently, FZC‒
7 was more rigid than FZC‒2 (670 kPa and 590 kPa, respectively) since
the latter contained less MA powder. Still due to higher CNF content,
FZC‒2 had a substantially higher yield point than FZC‒7 (20 kPa and 13
kPa, respectively).

For monoliths with more pronounced anisotropic structure (FZC‒1,
FZC‒2, and FZC‒5) there were big differences between compressive
properties in axial and radial direction, while for monoliths with less
distinct anisotropy (FZC‒7 and FZC‒9), the stress-strain curves and yield
points obtained in both directions were much more similar (Fig. 5A and B
and Table 4). For lower volume fractions (φA < 0.054), much better
mechanical properties could be observed in axial direction. At lower
volume fractions, where the pore structure is distinctively columnar,



Fig. 6. A) Effective thermal conductivity (λ) of selected monoliths measured in axial and radial direction. B) Thermographic images of monoliths FZC‒5 and MA‒
CIP200 after 30 min of heating and after 10 min of subsequent cooling down. The colors in the images show the temperature distribution on the surface of the
monoliths. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 5
Summary of thermal properties of selected monoliths.

Sample λ (axial direction) λ (radial direction) Specific heat capacity
(cp)

W/m∙K W/m∙K kJ/kg∙K

FZC‒2 0.065 � 0.002 0.037 � 0.001 1.288 � 0.007
FZC‒4 0.065 � 0.001 0.038 � 0.001 1.224 � 0.007
FZC‒5 0.059 � 0.003 0.037 � 0.001 1.343 � 0.015
FZC‒7 0.072 � 0.003 0.057 � 0.002 1.223 � 0.008
FZC‒9 0.077 � 0.002 0.069 � 0.001 1.139 � 0.008
MA‒
CIP200

0.327 � 0.004 0.356 � 0.006 1.000 � 0.022
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better mechanical properties in axial direction (parallel to pore walls) are
typically observed [45]. For example, yield points of 52 kPa and 14 kPa
were obtained for monolith FZC‒5 (φA ¼ 0.027) in axial and radial di-
rection, respectively. There were also big differences between axial and
radial Young’s modulus, which was less than 50% in radial direction, i.e.
1080 kPa and 410 kPa for axial and radial direction, respectively. On the
other hand, there were only slight differences between axial and radial
yield points or Young’s modulus at higher volume fractions. Monolith
FZC‒7 had yield point values at 13 kPa for axial direction and 12 kPa for
radial direction, while there was a slightly bigger difference between
axial and radial Young’s modulus of this monolith, i.e., 670 kPa and 510
kPa, respectively.

Individual influences of CNF and MA volume fraction were also
evaluated (Fig. 5C). Poor mechanical properties were observed for FZC‒1
(yield point of 4 kPa), indicating that CNF showed poor mechanical
properties when freeze-casted on its own, i.e. without MA powder. On
the other hand, after the addition of the lowest MA volume fraction (φA
¼ 0.013), the yield point increased considerably (to 20 kPa), showing
that MA powder endows CNF walls with stiffness and mechanical
strength. After additional increase of the volume fraction (φA) for 100%,
i.e. from 0.013 to 0.027 (FZC‒2 and FZC‒4, respectively), the compres-
sive yield point further increased for �35%. However, when CNF mass
was increased by less than a half, i.e. from 4.6 to 6.6 mg per 1 mL of
suspension (FZC‒4 and FZC‒5, respectively) the yield point occurred at
around 90% higher stress, i.e. at 52 kPa. Indeed, while MA powder must
be added in order to reinforce CNF walls, the contribution of CNF to the
overall strength of HMMA monoliths is much greater than the contri-
bution of MA powder content.

3.4. Thermal properties

The average thermal conductivity in axial direction (λa) of monoliths
containing MA powder (FZC‒2 through FZC‒9) was 0.068 � 0.009 W/
8

m∙K which is approximately 30% lower than the thermal conductivity of
sintered freeze-casted α‒Al2O3 monoliths of comparable porosity [46].
However, the λ of HMMAs was higher than the value reported for highly
porous pure CNF aerogels, which possessed considerably lower thermal
conductivity, slightly below 0.04 W/m∙K [47].

As can be seen from Fig. 6A, increase in the MA content from φA ¼
0.013 to 0.082 had little effect on axial thermal conductivity, which
increased from 0.065 to 0.077 W/m∙K (Table 5). Unlike in axial direc-
tion, thermal conductivity in radial direction (λr) exhibited a more pro-
nounced dependence from MA volume fraction, i.e. an increase in λ from
0.037 to 0.057 W/m∙K can be observed when φA is increased from 0.027
to 0.054 (monoliths FZC‒5 and FZC‒7, respectively). This could be
explained by solid conduction of the walls [48]. Higher volume fractions
lead to an increased MA particle content in monoliths pore walls. As a
result, the wall thickness increased and pore diameters decreased, which
led to an enhanced solid conduction of the material in radial direction
and consequently higher radial thermal conductivity. On the other hand,
neither λa nor λr exhibited any dependence from the MA/CNF ratio. As
can be seen from Table 5 a considerable decrease of MA/CNF ratio (FZC‒
2, FZC‒4 and FZC‒5) caused practically no changes in the monoliths
thermal conductivity. Thus it can be concluded that the increase of
thermal conductivity is not MA/CNF-ratio-dependent, but occurred
solely due to the increase of MA powder volume fraction above a certain
value, i.e., 0.054.

Considerable differences between axial and radial thermal conduc-
tivity in monoliths FZC‒2 and FZC‒5 can be noticed. The average λ value
for these two monoliths was 0.062 � 0.003 W/m∙K in axial direction,
while a much lower value of 0.037 W/m∙K was measured for both
monoliths in radial direction (Table 5). On the other hand, there were
only slight differences between radial and axial λ of monoliths FZC‒7 and
FZC‒9, i.e. an average value of 0.063 � 0.006 W/m∙K was measured in
radial direction, while the average λ in axial direction was 0.075� 0.003
W/m∙K. The structure was distinctively anisotropic in monoliths FZC‒2
and FZC‒5 and consequently, due to solid conduction of the cell walls in
axial direction and possibly natural convection along the same orienta-
tion, the value of λ in axial direction was higher than in radial direction.
However, with increasing solid volume fraction, i.e. thickening of pore
walls and decreasing of the pore diameters the structure became more
isotropic and consequently only small differences between radial and
axial λ values can be observed (monoliths FZC‒7 and FCZ‒9).

For comparison, CIP consolidated HMMA monoliths (MA‒CIP200),
with a porosity of 70.8% (approximately 25% lower than in the case of
freeze-casted monoliths) possessed a λ of 0.327 W/m∙K (Tables 2 and 5),
which is more than 5-times higher than the one of FZC‒5. A lower λ can
be readily explained by higher porosity of freeze-casted monoliths in
comparison to MA‒CIP200. A qualitative representation of the thermal
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conductivity of MA‒CIP200 monolith was additionally obtained by
thermographic imaging (Fig. 6B). Both HMMA monoliths showed a very
efficient thermal insulation. While the outer layer of sample MA‒CIP200
was heated to more than 90 �C, the freeze-casted monolith heated to only
around 60 �C in the same time interval (30 min). In contrast, only slight
differences between the final temperatures of the two monoliths could be
observed after cooling down. After only 10 min, both monoliths cooled
down to almost room temperature.

4. Conclusions

Freeze-casting was employed for the first time to consolidate aqueous
suspensions containing mesoporous AlN-hydrolysis-derived γ‒Al2O3
(MA). CNF and NaPAA were added to the suspensions prior to consoli-
dation in order to prevent sedimentation and particle segregation as well
as to endow green monoliths with mechanical stability not requiring
additional calcination nor sintering steps. The as-prepared monoliths
possessed anisotropic layered structure and displayed high, hierarchical
porosity (93.1–99.2%). Macropores were in the range of 1–300 μm and
shaped as columnar structures, while mesopores, had an average diam-
eter of 6 nm all contributing to a hierarchical macro- and meso-porous
alumina (HMMA) monoliths.

HMMA monoliths thus exhibited relatively high permeability and
high surface area (91–138 m2/g). Additionally, they also exhibited low,
anisotropic thermal conductivity (0.036–0.077 W/m∙K) and compres-
sive strengths (up to 52 kPa) rarely seen in unsintered, highly porous
materials. The ratio MA/CNF and freeze rate had a profound influence on
the surface area, porosity and compressive properties. On the other hand,
none of these parameters had any influence on the thermal conductivity,
where its increase was observed only after a certain, high enough MA
volume fraction was reached.

The interesting textural and structural properties of the CNF-
reinforced HMMA monoliths could make the presented strategy for
processing of hierarchically porous MA materials appealing for produc-
tion of key components in salient applications like thermal management
(insulative materials) and continuous flow (catalytic) processes.
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