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Abstract Nanofibrillated cellulose aerogels are low-
density bio-based materials that present a great potential
in several fields. The properties of aerogels are a con-
sequence of their microstructure. The understanding and
control of the structure is therefore a priority for the pre-
paration of aerogels with specific properties. This study
aims at investigating how freeze-drying conditions affect
the microstructure of nanofibrillated cellulose aerogels and
how their microstructure affects their thermal insulating
properties. TEMPO-oxidized nanofibrillated cellulose
aerogels were prepared by freeze-drying using two different
moulds in order to vary the cooling rate and the temperature
gradient. The microstructure of the nanofibrillated cellulose
aerogels obtained was investigated using both scanning
electron microscopy and nitrogen adsorption—desorption.
Controlling solvent solidification has a drastic effect on
aerogel microstructure. Different temperature gradients
result in different distributions of pore size, each with its
specific shape and connectivity. The thermal insulation
properties of aerogels were evaluated using the hot strip
technique. The resulting original structures revealed very
different thermal insulation properties. Aerogels with a
lamellar microstructure oriented in the direction of the
temperature gradient showed porous channels. As a con-
sequence, they had the poorest performance in terms of
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thermal insulating properties, with a minimal thermal con-
ductivity of 0.038 W/(m-K). Aerogels with a cellular
microstructure had smaller pores and reached a minimal
thermal conductivity of 0.024 W/(m-K).
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1 Introduction

Cellulose nanofibers (NFCs) were introduced in the early
1980s by Turbak [1] and Herrick [2]. They produced cel-
lulose fibres with nanometric lateral dimensions by treating
softwood pulp aqueous suspension using a high-pressure
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homogenization process. Depending on the treatment con-
ditions, the NFCs have a diameter from 5 to 50 nm and a
length of several micrometres [3]. In all cases, NFCs have
crystalline and amorphous domains and a very high aspect
ratio, giving them remarkable mechanical properties. Due to
their particular properties, NFCs are used for a wide range
of applications such as optically transparent materials [4, 5],
reinforcements for nanocomposites [6, 7], high-performance
multifunctional fibres [8], chiral nematic mesoporous
materials [9] and insulation materials [10—12]. They have
also attracted considerable interest as building units for the
preparation of aerogels [10, 11, 13—-17].

Aerogels are porous materials derived from gels for
which the liquid phase has been replaced by a gaseous
phase without destruction of the gel solid network [18].
NFC aerogels are among the lightest porous materials
known at this time: they can reach densities of between
0.004 and 0.02 g/cm3 [10, 11]. These densities are much
lower than for cellulose aerogels because NFCs create
three-dimensional structures at very low concentrations.
Moreover, this structure is sufficiently resistant to counter-
act the collapse often observed during drying [11]. NFC
aerogels therefore constitute low-density bio-based materi-
als with high mechanical [19, 20] and thermal insulation
properties [10, 12], presenting a great potential in several
fields. The properties of aerogels are a consequence of their
microstructure. Consequently, the use of a specific aerogel
for a particular application requires a proper understanding
and control of its structure. Supercritical drying preserves
the three-dimensional structure during drying. The aerogels
prepared using this method have a fibrillary morphology
with a very small pore size and a very high surface area
[10]. Aerogels prepared by freeze-drying have a film-like
morphology with macropores and a very low specific sur-
face area [13, 19, 21-23].

However, freeze-drying of porous materials has received
a great deal of attention over the past few years. This simple
process, where a material suspension is simply frozen and
then sublimated, provides materials with unique porous
architectures where the porosity is almost a direct replica of
the frozen solvent crystals. Studies of various materials
including ceramic [24] and metallic [25] particles reveal that
the ice formation process has a critical role in determining
the final microstructure of the porous materials. The porous
structure is primarily defined by the morphology of the
growing solvent crystals and, secondarily, by the ability of
the particles to pack between the crystals since smaller
particles will provide a better replica of the solvent crystals
[26]. This technique can therefore be used to obtain hier-
archically structured aerogels with interesting physical
properties from aqueous dispersions of cellulose nanofibers.
The freezing of NFC water suspensions was generally
achieved by dipping them into liquid nitrogen baths or by
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placing them inside freezers. Some recent studies investi-
gated the effect of the freezing direction on the structural
characteristics of NFC aerogels [20, 27-29]. The unidirec-
tional freezing of the aqueous suspension, followed by the
unidirectional growth of ice crystals and the sublimation of
ice crystal templates, results in highly ordered porous
aerogels with unidirectional channels. This architecture can
be useful in various applications such as the preparation of
aligned pores in batteries [30] or liquid purification appli-
cations that favour directional capillary ascension [31, 32].
Similarly, the anisotropy is interesting for the preparation of
porous scaffolds. Due to their biocompatibility, poly-
saccharides are widely used for the preparation of scaffolds
in tissue engineering [33]. The tissue supports must have a
high porosity and a large pore size (higher than 100 pm), as
well as an interconnected structure for the transport of cells
and metabolites [34].

The correlation between the microstructure and the
mechanical properties of aerogels and foams has been
investigated in the past few years. However, to the best of
our knowledge, the effect of unidirectional freezing on the
microstructure and thermal insulation properties of NFC
aerogels has not. Thus, the objectives of this study were to
investigate the effect of the processing conditions on the
microstructural and thermal insulation properties of NFC
aerogels. TEMPO-oxidized NFC suspensions were frozen
at —80°C inside different moulds in order to vary the
cooling rate and the temperature gradient. The establish-
ment of the temperature gradient inside the moulds was
investigated by thermal transfer simulation. The micro-
structure of the NFC aerogels obtained was investigated
using both electron microscopy and  nitrogen
adsorption—desorption. Their thermal insulation properties
were evaluated using the hot strip technique. The resulting
original structures showed very different thermal insulation
properties.

2 Materials and methods
2.1 Materials

A 1wt% aqueous suspension of NFC produced by
TEMPO-mediated oxidation [35] of spruce wood pulp was
received from the Swiss Federal Laboratories for Materials
Science and Technology (EMPA, Diibendorf, Switzerland).
The suspension was further characterized in order to con-
firm the supplier specifications. The 1.12 mmol/g carbox-
ylate content was confirmed by conductimetric titration
(SCAN-CM65:02, 2002). The dimensions were determined
by atomic force microscopy (AFM) with a multimode setup
equipped with the nanoscope III-a (Brucker-nano, Santa
Barbara, CA, USA). The AFM was used in contact mode
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imaging and the diameter and the length of the NFC were
analyzed from 100 images. The height of the NFC was
considered to estimate the lateral dimension of the NFC and
was found to be approximately 3.85 + 0.98 nm. A minimum
length of 450 nm was determined. Both values are in good
agreement with the EMPA’s specifications.

2.2 Methods
2.2.1 Aerogel preparation

Bioaerogels were prepared via the concentration—drying
route. Concentrations of NFC dispersions were achieved by
osmotic concentration using dextran solutions. NFC disper-
sions were placed in a dialysis membrane, Espectra/Por®,
with a cutoff of 12 to 14kDa, and the dialysis membrane
was immersed in a dextran solution at 10 wt%. Dextran is a
complex branched glucan with a high molar mass, in this
case, 100,000 g/mol. During this process, the dextran
solutions are changed every 30h. Final concentrations of
hydrogels varied from 1 to 3 wt%. The suspensions were
then freeze-dried (FD). NFC suspensions were frozen in a
deep-freezer at —80 °C and then dried for 48 h using a
Christ Alpha 1-2 LD Plus freeze-dryer. During freeze-
drying, the condenser temperature was below —50 °C and
the vacuum was below 0.1 mbar.

2.2.2 Thermal transfer simulation

Simulations were investigated using Comsol Multiphysics
5.1 software in order to check the establishment of the
temperature gradient inside the moulds. For this purpose,
the materials that make up the moulds, their dimensions and
their thermal properties were defined. Simulation was car-
ried out with water inside the mould to simplify the model.
The initial temperature for mould and water was fixed at
20 °C, and a temperature of —80 °C was determined for the
outer limits of the mould. The temperature variation pro-
duced by heat conduction during freezing was then ana-
lyzed as a function of time.

2.2.3 Characterization

The rheological measurements were conducted using a
controlled-stress rheometer (Physica MCR 301, Anton Paar
GmbH, Stuttgart, Germany) equipped with a parallel-plate
geometry (PP25, 25 mm in diameter). Before each mea-
surement, the samples were allowed to rest for 5—10 min.
Before taking the dynamic viscoelastic measurements, the
linear viscoelastic region was determined by torque sweeps
for all suspensions. The torque sweeps were measured for
0.01 to 100 Pa at a frequency of 1 Hz. The chosen dynamic
strain amplitude for the frequency sweep measurements was

0.1% for all suspensions since they showed linear viscoe-
lasticity. The frequency sweeps were carried out in the
range of 0.01-10 Hz at the linear viscoelastic region. The
effect of temperature on gel properties was studied for
ambient temperature. Rheological measurements were made
in triplicate and the average was recorded. Data were
recorded with Rheoplus software, version 3.62 (Anton Paar
Germany GmbH).

Bulk density ppux of the aerogels was calculated by
dividing their weight by their volume, which was measured
by a digital caliper. The weight of aerogels was determined
with an analytical balance (Mettler Toledo XS). In addition
to this, porosity was calculated using Eq. 1, where the ratio
Poulk/Pskeletar 1S the relative density. Skeletal density pgeletal
is the density of cellulose: 1.6 g/cm® [36].

(%) = (1 = (Pourc/Psketerar)) % 100 (1)

A JEOL JSM 6460LV scanning electron microscope
operating at 20 kV was used to capture structural images of
the bioaerogels. Thin layers of gold were deposited by
sputtering with scan-coat onto the surface of the cross-
sections. Aerogel samples were prepared for scanning
electron microscope (SEM) observation by cryo-fracture in
liquid nitrogen. Image analysis was used in order to obtain
more information about the pore structures from micro-
scopical images. SEM images were evaluated with Image J,
and the measurement of more than 100 pores in these
images was used to obtain an approximate distribution of
the pore size of each aerogel.

Nitrogen adsorption—desorption isotherms were obtained
using a Micromeritics TriStar 3000 apparatus. Before run-
ning adsorption isotherm experiments, bioaerogel samples
were degassed to remove all the species that can be phy-
sisorbed at their surface. During the experiments, samples
were placed in a high vacuum at 100 °C for 24 h. The
measuring cell was then placed in an insulated tank filled
with liquid nitrogen that maintained the sample at —196 °C
throughout the measurement, a temperature at which gas-
eous nitrogen adsorption is possible on a solid surface.
A nitrogen adsorption-desorption isotherm represents the
evolution of the volume of nitrogen adsorbed per gram of
sample extrapolated to standard conditions of temperature
and pressure (cm’/g STP), depending on the relative pres-
sure of nitrogen (P/Py). Using the BET theory [37], it is
possible to evaluate the specific surface area.

Thermal conductivity, 4, of the sample was measured in
the steady state using the hot strip technique. This device,
adapted from the hot filament technique, was previously
developed for thermal characterization of aerogels [38, 39].
The hot strip technique (Fig. 1) consists of a homemade
device comprising an isothermal aluminium case (Fig. 1d)
with two cavities, one containing a polyurethane foam
(Fig. 1b) and the other containing the sample to be
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Fig. 1 Hot strip device: a Sample; b Polyurethane foam; ¢ NiCr strip;
d Isothermal aluminium case; e Electrical insulator; f Electrodes
(copper); and g Thermocouples

characterized (Fig. la). These two cavities are symme-
trically positioned with respect to a strip (Fig. lc) that is
electrically isolated from the case (Fig. le). Two electrodes
(Fig. 1f) provide the electrical power supply to the strip and
two thermocouples (Fig. 1g) measure the temperature of
both the strip and the case while the temperature of the case
is kept constant by a cooling circuit.

The tests were performed at atmospheric pressure in a
temperature- and humidity-controlled room (21-22 °C and
50% relative humidity). At least five samples per formula-
tion were tested.

3 Results and discussion
3.1 Rheological characterization of hydrogels

NFC gelation is due to the physical entanglement of
nanofibers and should thus result in viscoelastic behaviour.
The viscoelastic behaviour of the aqueous suspensions of
NFC with increasing concentration was studied by rheol-
ogy. In classical viscous fluids, the elastic and loss modulus
have a characteristic frequency dependency, i.e., G' « f 2
and G” « f !, where G’ « G". An ideal gel behaves elastically
and G' « £, i.e., the storage modulus is independent of the
frequency and G’ » G" [40]. On the basis of Fig. 2, a gel-like
behaviour was observed for all of the NFC suspensions
investigated, even for the lowest concentration. The con-
servation modulus G’ and the loss modulus G” were rela-
tively independent of the frequency at all of the
concentrations investigated and, in all cases, G' » G" up to a
frequency of 10Hz. In addition, the elastic moduli are
almost 10-fold higher in comparison to the loss moduli at
the same concentration, indicating that the network formed
by the NFC is a strong network [41] due to hydrogen bonds.
An increase in the concentration of 1 to 3 wt% results in a
storage modulus that is 1000 times higher, which shows that
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Fig. 2 Storage modulus G’ (dashed lines) and loss modulus G” (solid
lines) as a function of frequency for three concentrations of aqueous
NFC suspensions

G’ strongly depends on the concentration and inter-
molecular interactions.

3.2 Preparation of bioaerogels

Bioaerogels were prepared from suspensions of various
NFC concentrations by FD. The process consists of two
major steps: the freezing and the drying by sublimation of
frozen water. The NFC suspensions were poured into dif-
ferent shaped moulds at room temperature and then placed
in a deep-freezer at —80 °C for 24 h. Freeze-drying of the
solvent created the final porous structure as a replica of the
ice crystals generated during freezing. The moulds descri-
bed below were therefore designed in such a way as to
create different thermal transfers in the cast sample during
the freezing stage.

Two moulds were designed to obtain different tempera-
ture gradients in order to obtain a gel-freezing pattern. The
two moulds were designed so as to produce unidirectional
(mould 1) and multidirectional (mould 2) freezing gradients.
Mould 1 was a modular mould composed of three parts: two
flat covers (100-mm long and 100-mm wide) made from
high thermal conductivity aluminium (1 =200 W/(m-K)),
and a central piece in the shape of a “u” made from poly-
propylene (4 =0.2W/(m-K)) that determines the final
thickness of the sample (Fig. 3a). The assembly is kept
closed with screws. The samples prepared with this mould
measure 80 x 80 mm and have a thickness of 10 mm.
Mould 1 was designed in order to produce a temperature
gradient in the sample during the freezing step. A simula-
tion of conductive thermal transfer inside this mould was
carried out using Comsol Multiphysics 5.1 software. The
initial temperature was fixed at 20 °C for the mould as well
as for the water filling the mould. A temperature of —80 °C
was then determined for the outer limits of the mould and
the temperature variation of the assembly was analyzed as a
function of time. Figure 4 shows a selection of cross-section
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Fig. 4 Comsol simulation in two dimensions of the temperature gra-
dient during the freezing of the samples in the mould 1. In the red
zone, T° =20 °C; in the blue zone, T° =0°C

aerogel images as a function of time. The colours represent
the temperature, given that 20 °C is the initial temperature
(red) and 0 °C is the final temperature (blue).

The temperature gradient describes the direction and
intensity of the temperature variation between the cold
source and the hot source. This is an important parameter
because the growth of the crystals from the nuclei formed
during the primary nucleation takes place in the direction of
this gradient. The geometry and composition of the mould
defines a temperature gradient going from each aluminium
cover towards the inside of the sample.

Mould 2 was made entirely from high thermal con-
ductivity aluminium (4 =200 W/(m-K)) to produce a mul-
tidirectional freezing of NFC suspension (Fig. 3b). In
addition, this mould is thinner in order to study the effect of
the thickness of the sample on the cooling rate. The samples

Theoretical density A
0.04 |- A Mould 1 ¢
- @ -Mould 2 i .o
X3
E 0.03 |
V)
2
5 0021
o
=
as]
0.01 -

1.0 15 20 25 3.0 35
NFC concentration, wt%

Fig. 5 Bulk densities of bioaerogels. Dotted lines show the depen-
dence of bulk density on concentration. The solid black line is the
theoretical density, which is calculated assuming that there is no
volume shrinkage

prepared with mould 2 measure 20 x 20 mm and have a
thickness of 4 mm.

Macroscopically, all samples appear to be monolithic and
homogeneous. The density of the bioaerogels as a function
of the concentration of NFC is reported in Fig. 5. The
theoretical density (continuous black line in Fig. 5) was
calculated assuming no volume shrinkage from the gel to
the dry sample. Aerogels have densities that vary between
0.012 and 0.043 g/cm®. Their bulk density linearly increases
with the concentration of NFC, which has already been
described for cellulose and NFC aerogels [10, 22, 42, 43].
Porosities of the samples vary from 99% for the aerogels
prepared from a 1% NFC suspension, to 98% for aerogels
from a 3% NFC suspension. The density of aerogels is
slightly higher than the theoretical one due to sample con-
traction during drying. Mould 1 produces the densest
aerogels because the higher mould size results in greater
shrinkage. However, even if the network is somewhat
changed by the freeze-drying, this technique reaches very
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Fig. 6 Cross-section SEM
images of aerogels prepared
with a, b mould 1 and ¢, d
mould 2

low-density values without undergoing significant shrink-
age of the network.

3.3 Structural characterization of bioaerogels

Bioaerogels showed a 2D-sheet-like morphology (Fig. 6),
which is commonly observed in the literature when NFC
concentration exceeds 0.5 wt% [13, 22, 38, 44]. During the
freezing step, fibres are separated from frozen water and
confined to the interstitial regions, which causes an increase
in the concentration between the ice crystals. When the
concentration of NFC is higher than 0.5 wt%, the space
available for the dispersion of the NFCs is restricted.
Therefore, during the growth of crystals, the concentration
of the NFC increases between the crystals and leads to the
formation of a lamellar microstructure by aggregation of the
fibres. When the freezing is complete, the frozen water is
removed by sublimation. Hydrogen bonds and van der
Waals forces hold the nanofibers together after the removal
of water [45]. Thus, both aerogels showed a characteristic
2D-sheet-like morphology. The pore structure of aerogels
obtained is a replica of the morphology of the ice crystals
formed during the freezing process, and this structure ulti-
mately depends upon the design of the sample holder
(mould) and the resulting temperature gradient.

In the case of mould 1, this lamellar microstructure is
oriented in the direction of the temperature gradient due to
the anisotropic growth of the ice crystals [46]. The tem-
perature gradient goes from each aluminium cover to the
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inside of the sample. It therefore crosses the aerogel hor-
izontally. SEM images of the horizontal cross-sections of
the aerogels produced in mould 1 are shown in Fig. 6a. In
addition to the orientation of lamellae in the direction of the
temperature gradient, three well-differentiated zones were
distinguished. The freezing mechanism may explain the
presence of these three areas. The complete freezing process
can be divided into three stages: a solution cooling phase, a
phase separation stage that comprises the primary and
secondary nucleation of the ice and, finally, a frozen solu-
tion cooling stage [47]. During the cooling phase of the
solution, heat conduction is the dominant heat transfer
mechanism [48-50]. In the phase separation stage, the heat
transfer by conduction and the latent heat released during a
phase change are the main processes of heat exchange [47].
Primary nucleation occurs only once in regions those are in
contact with the cold source. This is due to the release of
latent heat caused by the formation of the first nuclei that
prevents the nucleation of other nuclei in the other parts of
the mould [51]. Consequently, the zone in contact with the
aluminium (cold source) was characterized by a dense cel-
lular microstructure with smaller randomly-distributed
pores (Fig. 7a) [52]. During the crystal growth step, the
solidification rate is subjected to the linear rate of crystal-
lization [53]. The ice crystals gradually grow in the same
direction as the temperature gradient and this directional
solidification leads to a crystal alignment that leaves open
pore channels after sublimation. (Fig. 7b). Similar zones
have already been described for the ice-templating of
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Fig. 7 Schematic diagram and cross-section SEM image of an aerogel
showing the growth of ice crystals and a possible mechanism of for-
mation of the three well-differentiated zones in aerogels prepared with
mould 1. a Zone in contact with the aluminium, which is characterized
by a dense cellular microstructure with smaller randomly-distributed

ceramic suspensions [46], cellulose scaffolds [54] and cel-
lulose nanofibril foams [27]. Eventually, the crystal growth
was terminated at the top of the suspension and formed a
surface with a different microstructure [52]. This particular
zone is formed because some nanofibers are pushed by ice
fronts during crystal growth [55]. In our study, the tem-
perature gradient was bidirectional (from both sides of the
moulds) so that crystal growth occurs from both fronts that
grow in the opposite direction of the cold source towards
the interior of the aerogel. The NFCs pushed by each front
of ice are trapped in the middle of the aerogel and also
undergo an aggregation. This phenomenon creates an
intermediate lamella that is observed by SEM at the centre
of the formed aerogel (Fig. 7c). This separation zone con-
stitutes a new geometry in the microstructure of aerogels.

In mould 2, as previously described, the temperature
gradient was uniform throughout. This should lead to the
ice crystals growing at the same rate in all directions, thus
causing the formation, after sublimation, of a homogeneous
distribution of pores within the resulting aerogel. Con-
firmation of this assumption was made by SEM examina-
tion of the aerogel produced in the mould (Fig. 6¢). The
cross-section revealed a dense cellular microstructure with
randomly-distributed pores, and a multiple orientation of
crystal growth was found.

Nitrogen adsorption was used to determine the specific
surface area and porosity characteristics of the aerogels.
There was no adsorption for either mould (Fig. 8a). The
estimated specific surface area was around 1 m%/g, which is

pores; b Pore alignment along the temperature gradient and lamellar
morphology; ¢ Intermediate lamella from the aggregation of NFC
pushed by opposite ice fronts. Arrows in the SEM image show the
direction of growth of the water crystals and the intermediate layer is
outlined in red (color figure online)

characteristic of non-porous or macroporous solids. In order
to compare the porosity of aerogels prepared from both
moulds, the pore size was measured by analysis of SEM
images. The pore size distribution obtained is represented in
Fig. 8b.

The pore size distribution shows that about 65% of the
pores are between 200 and 500 um for aerogels prepared
with mould 1. However, for aerogels prepared with mould
2, only about 65% of the pores are between 5 and 50 um.
The thickness of the sample plays an important role on the
kinetics of ice formation, with higher cooling rates for
thinner sample layers [22]. Consequently, freezing occurs
more quickly in mould 2, which results in the formation of a
greater number of nuclei. A large amount of crystal nuclei
leads to faster global freezing and the formation of smaller
crystals. After the sublimation of the frozen water, the
crystals removed form the pores. Therefore, the aerogel
microstructure has a smaller pore size. The effect of sample
thickness on the kinetics of ice formation was studied in a
previous work. It was shown that the spray freeze-drying
technique leads to higher cooling rates, resulting in a sig-
nificantly smaller pore size than in this study (40-70 nm)
[12].

The properties of aerogels are a consequence of the
distribution of their solid skeleton and their gaseous phase.
The principal parameters characterizing the porous network
of aerogels are the distribution of the pore size, their shape
and the pore connectivity [56]. As indicated by the different
microstructures found in this study, these parameters are
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Fig. 8 a Typical nitrogen a ,, b
adsorption-desorption isotherm o0 30
obtained for bioaerogels S 08 = Mould 1
prepared by FD. b Pore size E LY 57 ® Mould 2
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highly influenced by the cooling rate. In order to highlight
the correlation between the microstructure and the proper-
ties of aerogels, the thermal insulating properties of aerogels
are described in the following section.

3.4 Thermal insulation properties of aerogels

The total thermal conductivity of aerogels was measured
using the hot strip technique [38, 39]. Thermal conductivity
values A, of bioaerogels are given as a function of bulk
density and are presented in Fig. 9.

The function of thermal insulating materials is to mini-
mize the transport of heat through them. The heat transport
in porous materials can be described by three factors: the
conduction in solid phase, Asy;q; the conduction through gas
phase, Aq,s; and the radiative heat transfer, A,,4. These three
thermal contributions are combined via radiation and con-
duction in order to calculate the total thermal conductivity.
In this respect, the total equivalent thermal conductivity,
Awot» Of porous materials can be calculated by a parallel flux
model [57]:

Aot = Asolid + ﬂgas + Arad

The influence of solid conduction on the total equivalent
thermal conductivity notably increases with increasing
density. In this work, aerogels reached very low-density
values, reducing the contribution of solid conduction. The
total thermal conductivity of aerogels varies because of the
different microstructures obtained. Aerogels prepared with
mould 1 have a 2D-sheet-like morphology with macropores,
allowing the free circulation of air molecules and the con-
duction of heat as a result of the shock between air mole-
cules. This lamellar microstructure also has a pore
alignment along the temperature gradient that is applied
during the freezing step and which leads to free circulation
of thermal radiation. Thus, thermal radiation can easily pass
through the aerogel without undergoing a significant
attenuation. These types of aerogels were characterized by
Pierre et al. [58] and the radiative heat transfer represents
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Fig. 9 Total thermal conductivity of bioaerogels as a function of bulk
density. Dotted lines are guides for the eyes

about 48% of the total thermal conductivity. Therefore,
bioaerogels obtained with mould 1 have high thermal
conduction through the gas phase and high radiative heat
transfer. As a consequence, they have the poorest perfor-
mance in terms of thermal insulating properties, with a
minimal thermal conductivity of 0.038 W/(m-K). Aerogels
prepared with mould 2 also have a 2D-sheet-like mor-
phology with macropores. In this case, the cellular micro-
structure has smaller randomly-distributed pores, but the
contribution of gaseous conduction remains considerable
since the Knudsen effect cannot be produced [59]. How-
ever, the absence of porous channels decreases the heat
transfer by radiation. Aerogels behave as semi-transparent
materials capable of absorbing, emitting and diffusing
thermal radiation [60]. Absorption and diffusion induce the
attenuation of radiation. Thus, the thermal insulating prop-
erties of aerogels obtained with mould 2 were improved
compared to mould 1, and attain a minimal thermal con-
ductivity of 0.024 W/(m-K).
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4 Conclusion

Aerogels were prepared from NFC suspensions by freeze-
drying using two different moulds in order to produce
different freezing gradients to produce different pore orga-
nizations. Mould 1 was designed to induce a uniaxial
temperature gradient in NFC suspensions during their
freezing stage in order to maintain control of ice crystal
growth. The subsequent freeze-drying process, in which the
ice was sublimed, led to the formation of oriented pore
channels. Conversely, mould 2 was designed to produce a
uniform temperature gradient throughout the NFC suspen-
sion during freezing in order to obtain a smaller homo-
geneous distribution of pores and no pore alignment. This
study shows that variations in the microstructures drasti-
cally affect the physico-chemical properties of the aerogels.
Even with the same density and type of morphology, the
orientation, shape and pore connectivity plays an essential
role in the properties of aerogels. Aerogels prepared by
freeze-drying in mould 2 have more efficient thermal
insulating properties than aerogels prepared in mould 1.
However, we demonstrated that temperature gradient can
produce controlled anisotropic structures, which can be
useful for other applications. The correlation between the
microstructure and the properties of aerogels can therefore
be used to design aerogels according to the desired appli-
cation. In a previous study, the spray freeze-drying techni-
que was presented as a new and effective method to prepare
bioaerogels with thermal superinsulating properties [12]. In
this study, we report that freeze-drying is a technique that
allows the preparation of aerogels with a specific micro-
structure by adjusting the freezing rate. This parameter can
be controlled by the size and materials of the mould and the
creation of temperature gradients.
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