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H I G H L I G H T S

• Sugar beet pectin can be shaped into
macroporous lightweight foams by
freeze casting.

• Directional freezing enables enhanced
liquid transport within pectin foams.

• Freeze cast pectin foams outperform
previously reported low density pectin
materials in compression testing.
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A B S T R A C T

Sugar beet pectin is a byproduct of the sugar industry with a particularly low gelling power which hinders its
application as gelling agent and thickener. Here we consider the use of freeze casting to shape sugar beet pectin
into lightweight foams. Freeze casting processing conditions such as the applied thermal gradient and the
polysaccharide concentration were explored to obtain macroporous lightweight foams with different textures.
The precise control over the foams’ texture and pore anisotropy was decisive for their performance as liquid
transport devices by capillary ascension and for their mechanical performance. Overall, the obtained results
show that the formation of highly anisotropic structures using freeze casting can be instrumental in the upcycling
of polysaccharide industrial byproducts.

1. Introduction

Macroporous materials are omnipresent in everyday life. From
natural examples such as trabecular bone, balsa wood or cork [1] to
man-made materials used in transport applications [2], antifrost sur-
faces [3], thermal insulation materials [4] or water harvesting devices
[5], we are surrounded by outstanding, lightweight, functional mate-
rials. To balance functionality and apparent density, Nature has relied

on highly specific – often cell-mediated – bottom-up processes to pre-
cisely shape the materials’ porosity. Among these materials, a small
portion, such as plant stems and tree trunks [6] or porcupine quills [7]
displays highly anisotropic macropores. Two main reasons lie behind
these aligned structures: mechanical performance [8–11] and/or fluid
transport [12,13]. Several processing strategies are available to re-
plicate such highly controlled porous structures [14–17], however few
are as straightforward as freeze-casting, a technique based on oriented
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ice templating that has gained considerable during the last decade [18].
Freeze-casting relies on the use of ice crystal growth to create porosity.
The method presents the advantage of being easy to implement, cost
effective and applicable to a wide range of materials [19]. In particular,
since the technique relies on the use of low temperatures, it can be
particularly relevant in the processing of materials prone to thermal
denaturation such as biopolymers. The technique was first described in
1954 [20] for the processing of refractory powders and has been used
since to shape ceramics [21], metals [22,23], clays [24], polymers
[25,26] and composite materials [27,28].

Pectin is a polysaccharide present in plant cell wall that finds ex-
tensive application as gelling and thickening agent [29]. The gelling
properties of this heteropolysaccharide are strongly dependent on its
source and extraction conditions [30]. Pectin from sugar beet – a source
yielding pectin with particularly low gelling power – displays fewer
direct industrial application without extensive chemical modification
than high gelling ability sources such as citrus peel or apple pomace
[31]. Such difference in gelling power is mainly due to the presence of
acetyl esters on the galacturonic acid chain [32]. As a result, sugar beet
pectin remains a largely undervalued material, often considered as a
byproduct of the sugar industry with few valorization alternatives be-
yond the production of arabinose and galacturonic acid [33]. Designing
new processing approaches that enable the application of sugar beet
pectin represents an opportunity to upcycle a largely overlooked in-
dustrial resource. Here we report how ice templating techniques can
shape pectin to obtain biobased materials with adjustable porosity. We
demonstrate that control over pore size and pore morphology can
provide pectin-based materials with interesting mechanical and liquid
transport properties. In summary, the finely controlled porous structure
imposed during the ice templating unveils the possibility to apply a
wide variety of water-soluble industrial sub-products for their potential
application as lightweight structural elements, insulation or liquid
transport devices.

2. Material and methods

2.1. Materials

Sugar beet pectin powder was obtained from CP Kelko and used
without further purification. Degrees of methylation and acetylation
were 49.00 and 20.90 respectively. The detailed composition is pre-
sented in Supplementary Information (Table S1). Pectin aqueous solu-
tions ranging from 10 to 50 g.L−1 were prepared by dissolving the
pectin powder in ultra-pure water followed by stirring under magnetic
agitation for 24 h at room temperature.

2.2. Process

The macroporous pectin monoliths were shaped by growing ice
crystals into aqueous pectin solutions, followed by freeze-drying in a
Christ Alpha 2–4 LD freeze-dryer operating at 0.06mbar for a 48 h
period, in order to sublimate the ice crystals.

Four freezing conditions were investigated: two using laboratory
freezers (−20 °C and −80 °C), one using a liquid nitrogen (LN) bath
and one using a custom-made freeze-casting setup (FC) (Fig. S1). The
samples frozen in the laboratory freezers (4 mL at 40 g.L−1) were
placed in PE cylindrical molds (∅=19mm) and left overnight in the
freezer either at −20 °C or −80 °C before freeze-drying. Samples ob-
tained through ice templating in LN were first poured in similar 19mm
diameter molds at room temperature and subsequently plunged for
5min into LN before freeze-drying. Various samples were obtained by
freeze-casting, using a previously reported setup [34]. The device
consists in a heat conductive copper rod partially immerged into LN.
Temperature profiles at the top of the rod (interface between sample
and copper rod) is set through a heating resistance controlled by a
dedicated PID. The pectin solutions (3 mL) were placed at the top of the

copper rod in 15mm diameter cylindrical molds. The samples were
then cooled down from 20 °C to −60 °C at a controlled cooling rate of
10 °C.min−1. To ascertain the impact of the pectin solution concentra-
tion on the final material properties, samples were prepared from initial
pectin solutions ranging from 20 g.L−1 to 50 g.L−1.

2.3. Characterization

The cooling profiles for each freezing process were determined by
inserting a K thermocouple at the center of 40 g.L−1 pectin solutions
before freezing. The temperature profiles for the samples frozen inside
the freezers (−20 °C and −80 °C) and by plunging into LN were re-
corded until thermalization. For the freeze-cast samples, the tempera-
ture profile was determined at the center of the pectin solution and at
the interface between the copper rod and the pectin solution.

Samples obtained after freeze drying were manually cut with new
scalpel blades. Scanning electron microscopy observations were per-
formed on Hitachi S-3400N SEM. The samples were sputter coated with
20 nm of gold and observed under 3–4 kV acceleration and 30 µA probe
current. SEM pictures were analyzed using the OrientationJ plugin [35]
in ImageJ software for pore morphology characterization. The foams’
pore dimensions and pore wall thickness were determined on 150 and
25 individual measurements, respectively.

Wetting behavior of the foams was assessed by capillary rise of a
solution of Disperse Red at 0.2 g.L−1 in ethanol. Cylindrical pectin
foams (triplicates with height between 6 and 8mm) were placed above
a Disperse Red solution and the impregnation recorded on camera at
30 fps. The resulting footage was analyzed using the “Reslice” operation
to deduce ascension profiles in ImageJ software. The surface tension of
Disperse Red in ethanol was measured using the Wilhelmy plate method
on a Krüss K11model.

Mechanical behavior under compression was assessed using an
Instron 5965 universal testing machine equipped with a 50 N load cell.
Samples were cut into 1 cm3 cubes and compressed between stainless
steel plates up to 50% strain at constant displacement rate of
1mm.min−1. The corresponding stress-train curves were obtained for 5
replicas per sample.

3. Results and discussion

3.1. From freezing to freeze-casting pectin foams

Self-supporting, low density macroporous biopolymer materials
were obtained by ice-templating pectin solutions. Ice templating is
particularly adapted to the processing of biopolymers that are prone to
thermal degradation such as pectin since the processing steps are car-
ried out below ambient temperature. In addition, the technique does
not require leaching with possible denaturating solvents to unveil the
porosity as required for other porogens such as latex beads. Since most
chemical species are largely insoluble in ice, an increase in concentra-
tion of the solutes occurs in the interstices formed between the growing
ice crystals. When ice crystallization stops due to the lack of available
water to freeze, the biopolymer located in between the ice crystals is
structured into a solid macroporous network. The biopolymer foam
obtained after ice sublimation therefore corresponds to the negative
imprint of the formed ice crystals.

Different freezing conditions were explored to highlight the re-
lationship between the conditions of ice formation and the final mor-
phology of the porous monolith. Fig. 1 displays the temperature profile
at the core of the samples during freezing. The first three conditions
(freezers at −20 °C, −80 °C and LN bath) differ in the target tem-
perature (−20 °C, −80 °C or −196 °C respectively) but the orientation
of the temperature gradient within the samples is similar. In the case of
freeze-casting however, multiple parameters differ. This setup allows
controlling the freezing conditions both spatially (a specific tempera-
ture gradient is applied thanks to the marked difference in thermal



conductivity between the copper rod and the surrounding sample en-
vironment) and in time (cooling rate can be tuned between 1 and
10 °C.min−1).

Samples frozen in the laboratory freezers display comparable
cooling temperature profiles. After an initial cooling period, the tem-
perature remains constant during the growth of the ice crystals in the
whole sample. The temperature then decreases to reach the target
temperature. At lower target temperature (−80 °C) the initial cooling
rate is higher (3.6 °C.min−1 in the−80 °C freezer vs 1.2 °C.min−1 in the
−20 °C freezer), and the ice growth time reduced (around 10min at
−80 °C vs 50min at −20 °C). The sample frozen at −20 °C shows a
small supercooling effect reaching −2.7 °C before rising back to 0 °C
during the freezing step. By dipping in LN, no isothermal phase tran-
sition can be observed, but a significant delay in the initial cooling
occurs. Using the freeze casting setup, the difference between the target
temperature and lower boundary temperature is minimal throughout
the whole freezing process. At the center of the sample (Fig. 1d) the
temperature delay with respect to the cooling program reflects the
unidirectional temperature gradient created with the freeze casting
setup. The differences in the temperature profiles, and how these
translate into different nucleation and growth kinetics of the ice crys-
tals, can be linked to the final morphology of the porous materials.

Fig. 2 presents the micro- and macroscopic morphology of foams
obtained in the different freezing conditions. For each sample a cross
section and a longitudinal section at different length scales are pre-
sented. Samples obtained at −20 °C and −80 °C present similar
morphologies in both orientations. In contrast, the sample prepared in
LN shows a strong pore anisotropy. These observations are confirmed
by orientation mapping (Fig. S2). The pores’ morphologies can be re-
lated to the ice crystals nucleation and growth. As indicated in Fig. 1,
the presence of moderate initial cooling rates and a temperature plateau
for the samples prepared at−20 °C and −80 °C show that there is no or
limited temperature gradient inside the sample. The cooling rate is slow
enough for the sample temperature to remain homogeneous throughout
the whole sample. As a result, the whole sample reaches transition

temperature at the same time, resulting in simultaneous nucleation of
ice in the whole volume. During the following ice growth phase there is
limited temperature variation in all directions, resulting in non-specific
ice crystal morphology, and therefore in non-aligned pores (Fig. 1e,
top). When pectin solutions are immersed in LN, the temperature at the
core of the sample remains stable before dropping sharply
(243 °C.min−1). This indicates the presence of an important tempera-
ture gradient from the core of the sample to the sides. It is likely that ice
crystals present in the outermost surface of the sample nucleate almost
immediately when the sample is plunged into LN. Due to the radial
temperature gradient, the ice crystals then grow in a radial fashion
towards the center of the sample (Fig. 1e, middle), which dictates the
radial orientation of the final porosity. However, this gradient which
strongly depends on the mold geometry cannot be easily controlled.

In contrast, the freeze-casting configuration – where the sample is
placed in contact with a cooling element at the basis of the cylindrical
mold – produces a longitudinal temperature gradient along the cylinder
axis. The thermal gradient can be observed from the temperature dif-
ference at a given moment between the bottom and the center of the
sample (Fig. 1d). Thus as soon as the temperature of the cooling ele-
ment reaches the transition temperature, ice crystals nucleate in the
bottom region of the sample and the crystals progressively grow along
the temperature gradient (Fig. 1e, bottom). SEM observation of cross
sections of the resulting foams reveals the presence of lamellar pores
(Fig. 2g), well-aligned in longitudinal channels (Fig. 2h). The alignment
of the pores was confirmed by the analysis of the pore orientation
distribution, which also suggested the existence of domains of pores
with similar orientation (Fig. S2).

3.2. Liquid transport properties

The pore orientation in these freeze-cast foams is reminiscent of the
aligned channels observed in wood or plant stem structures. These
highly anisotropic pores are responsible for the sap transport from roots
to leaves. Here, we hypothesized that the oriented porosity generated

Fig. 1. Temperature profiles during freezing of 40 g.L−1 pectin solutions using different ice templating conditions, a) −20 °C freezer, b) −80 °C freezer, c) liquid
nitrogen (LN, −196 °C), d) freeze casting at 10 °C.min−1 (−60 °C). Full red line is the temperature at the core of the sample, full pale pink line is the temperature at
the interface between the copper rod and the sample (for the freeze casting setup) and dashed line represents the target temperature. d) Schematic representation of
ice growth for the different freezing processes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)



by freeze casting pectin sols can be applicable for liquid transport de-
vices. To highlight the influence of the porosity orientation on the
transport properties within pectin foams, the capillary ascension of a
solution of Disperse Red in ethanol was recorded in macroporous pectin
monoliths obtained in a LN bath (radial structure) and by freeze-casting
(axial porosity).

A circular capillary tube is the simplest model of a porous medium.
In porous media, the driving forces that results from the Laplace’s de-
pression, i.e. capillary forces, are relatively large because of the small
size of the pores, which are generally in competition with viscous and
gravitational forces. In a more classical approach [36], the height of a
liquid in a vertical capillary tube of radius is obtained by solving the
differential equation obtained by writing the equilibrium between these
forces at any time t. If the porous medium is idealized as a single
equivalent vertical capillary completely wetted by a given liquid, the

height of advance of the meniscus h(t) is then given by the modified
Washburn equation [37] (Eq. (1)).

= − + + + +h t
η

rξ r ξ η rξh ηh rσ t( ) 1
4

[ 8 ( (0) 2 (0) ) ]2 2 2

(1)

Where η (η=1.17⋅10−3 Pa.s) and σ (σ=22.9mN/m) are, respec-
tively, the dynamic viscosity and surface tension of the liquid [37,38].
The coefficient of friction ξ is defined as the three phase line friction
coefficient that describes the interactions between the solid walls and
the liquid molecules [37]. By this means, we take into account the
chemical nature of the substrate via the interactions at the three phase
line, in terms of friction coefficient. The observed contact angle at the
pectin-ethanol interface is equal to zero and the initial condition h
(t= 0)=h(0)= 0.

The experimental data, for the rise of ethanol in the freeze cast

Fig. 2. Morphology of pectin foams obtained under different freezing conditions applied on 40 g.L−1 pectin solution. SEM images of foams observed along two
different planes (a–h). Insets display the macroscopic aspect of the foams obtained under the same conditions and observed along the same orientation (a′–h′). Sample
preparation was conducted at −20 °C freezer (a, b), −80 °C freezer (c, d), LN, (e, f) and 10 °C.min−1 freeze-casting (g, h).



sample as a function of time, together with the best fit to the modified
Washburn equation (Eq. (1)) are presented in Fig. 3 (upper graph). A
good agreement between theory and experimental data is found, with
ξ =0.045 Pa.s and the radius of the cylindrical equivalent capillary
r=1.935 µm. The capillary rise of the same solution for the sample
obtained by immersion into LN deviates substantially from the best fit
of the previous model. The r parameter can be considered also as
characteristic size of the porous media. The ξ parameter is the expres-
sion of the dynamical character of the contact angle between the liquid
and the wall of the pore. The lower graph in Fig. 3 represents both the
experimental and theoretical results for the foam obtained under LN
freezing. The difference between the experimental and theoretical
curves is most likely due to the change in dissipation regime. In the
selected model, the main dissipation channel is due to the viscosity and

the friction at the three-phase line (i.e. neglecting the gravitational
dissipation). The orientation of the pores is the main source of the
slowing down in this experiment. As a result, it seems that the axial
porosity should be favored for the conception of devices requiring high
liquid mass transport capacity.

3.3. Mechanical properties

Beside the interest in terms liquid transport of such channel-like
porosity, the oriented morphology obtained by freeze casting also
confers an advantage from a mechanical point of view. The mechanical
properties of the different materials presented earlier were assessed
under compression. Two orthogonal compression directions were used
on 1×1×1 cm3 samples. When applicable, these directions were
specifically chosen along or orthogonally to the pores.

Table 1 shows the stress/strain behavior for materials with various
pore organizations (Stress/strain curves can be found in Fig. S3).
Compared to the other materials, the sample prepared by freeze-casting
displayed a highly anisotropic behavior. When compressed in the di-
rection of the channels, this material has a Young’s Modulus of 2.8MPa,
which is typical for polymer foams of comparable apparent density
[39]. However under compression orthogonal to the pores’ orientation,
the Young’s Modulus drops to 0.13MPa. This strong mechanical ani-
sotropy is the direct consequence of the structural anisotropy described
earlier. Macroporous materials with no specific orientation (samples
obtained in freezers) have no or little mechanical anisotropy. The
Young’s Moduli are in the same order of magnitude in both directions
(between 1.1 and 1.5MPa for the −20 °C freezing vs 0.3MPa for the
−80 °C freezing). It is however important to note that the value of the
Young’s modulus differs greatly between these two samples. This might
be attributed to the slightly elongated shape and more lamellar struc-
ture of the material prepared at −80 °C. The radial structure (samples
obtained in liquid nitrogen), despite its specific pore orientation, dis-
plays little or no mechanical anisotropy. This may be due to the fact
that the compression tests are not performed directly along the pores
direction but rather along the diameter of the cylindrical mold. As a
consequence, the measured Young’s Modulus corresponds in fact to an
average effect dictated by the distribution of the pore directions. These
results can be interpreted according to simple composite models de-
scribing the elastic behavior of matrices (or continuous phase) re-
inforced with an anisotropic reinforcing phase. In porous materials the
specificity is that the reinforcing phase can be modeled as an inclusion
with an elastic modulus equal to zero. According to the relative or-
ientation between the materials’ pores and the compression axis the
resulting material elastic properties can be describes according to two
extreme models: the rule of mixtures (ROM) and the inverse rule of
mixtures (IROM). If the inclusions (pores) are aligned along the com-
pression axis, then the mechanical behavior can be roughly described
by the ROM and its modulus will be maximal. On the contrary, if the
pores are oriented perpendicular to the compression direction then the
material compressive modulus will be roughly described by the IROM,
where the elastic modulus depends strongly on the lowest modulus
among the matrix/inclusion couple.

Fig. 3. Wetting behavior of freeze-cast samples (upper graph) and liquid ni-
trogen (LN) frozen foams (lower graph) by Disperse Red solution in ethanol.
The grey circles are extracted from the analysis of capillary rise from video
footage and the red circles correspond to the best fit to the modified Washburn
model. (Fit values for the bottom graph, radial LN sample are: apparent radius
r= 0.14 µm and ξ =0.05 Pa.s). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mechanical properties and their standard deviation (sd) for the different foam morphologies and testing orientation.

Freezing Setup Freezing rate/°C.min−1 E/MPa sd/MPa σY/kPa sd/kPa Anistropy ratio

Compression perpendicular to the pores −20 °C (freezer) 1.2 1.1 0.5 65 17 40.7
−80 °C (freezer) 3.6 0.3 0.1 NA NA 19.4
−196 °C (LN) 243.3 0.49 0.08 NA NA 21.0
FC at 10 °C.min−1 7.2 0.13 0.03 NA NA 95.2

Compression along the pores −20 °C (freezer) 1.2 1.5 0.5 67 34 40.7
−80 °C (freezer) 3.6 0.34 0.15 NA NA 19,4
−196 °C (LN) 243.3 0.62 0.78 NA NA 21.0
FC at 10 °C.min−1 7.2 2.61 0.65 92 2 95.2



These results prove that a precise control over the freezing condi-
tions (i.e. the cooling profiles) confers control over the morphology of
materials obtained by ice-templating, which has a direct influence on
macroscopic properties such as the mechanical behavior. As in most of
higher plants, where the xylem is oriented along the main mechanical
solicitation direction, the morphology of freeze cast pectin samples
displays a co-alignment between the most efficient liquid transport
channels and the orientation exhibiting the highest mechanical re-
sistance to compression.

3.4. Influence of pectin concentration

While freezing conditions allows for a precise control over the
morphology, liquid transport behavior and mechanical properties of
pectin foams, other parameters, such as the initial pectin concentrations
may also impact the final porous structure. Foams prepared from

aqueous pectin solutions ranging from 20 to 50 g.L−1 all display si-
milar, well-aligned pores (Fig. 4 b, d, f and h). The appearance of
longitudinal pores is mostly controlled by the thermal gradient devel-
oped throughout the sample during the freezing step, which is in all
likelihood is barely affected by the pectin concentration. However,
cross section SEM images (Fig. 4a, c, e and g) display notable differ-
ences depending on the pectin concentration.

The impact of pectin solution concentration on ice growth that can
be evaluated from the size, morphology and organization of the pores
(Figs. 5 and S4). Pectin foams obtained by freeze casting a solution
prepared at 20 g.L−1 display a relatively large distribution of pores with
little anisotropy in its cross-section. The average pore width (wall-to-
wall distance) is centered at 15 µm and the cross-section length of the
pores averages at ca. 100 µm. When pectin foams are prepared from
solutions with increasing concentrations (up to 50 g.L−1), the pore
width size decreases to 8.5 µm and their distribution becomes narrower

Fig. 4. SEM of sugar beet pectin prepared at different initial concentrations, scale bar is 500 µm. a) and b) 20 g.L−1; c) and d) 30 g.L−1; e) and f) 40 g.L−1; g) and h)
50 g.L−1. Left hand-side images are taken along the ice growth direction, right-hand side images were taken perpendicular to the ice growth direction.



(between 20 g.L−1 and 50 g.L−1 the standard deviation decreases from
7 µm to 2.6 µm, respectively). Inversely, the average pore length in-
creases up to 245 µm. These morphological features correlate with the
formation of thicker pore walls, from 39 nm to 208 nm at 20 g.L−1 and
50 g.L−1, respectively. Overall, the increase in pectin concentration
favors the formation of pores with smaller size distribution, higher
anisotropy (Fig. 5d) and more effective packing of pores in ordered
domains (Fig. S4). These consequences are coherent with the higher
viscosity of the pectin solutions and how it may affect the growth of ice
crystals.

Tuning the initial biopolymer concentration translates into varia-
tions of the final density of the materials and therefore provides a
simple way to tailor their mechanical properties (Fig. 6 and Table S2).
Young’s Modulus measured for sugar beet pectin freeze cast foams are
between 1 and 5MPa, which are typical for polymer foams with density

ranging from 20 kg.m−3 to 50 kg.m−3 [40]. The stress-strain profiles
show typical behavior for polymer foams, with an initial elastic beha-
vior (up to about 7% strain), followed by a plastic deformation plateau
(between 7 and 40% strain). The material then undergoes a densifica-
tion, which translates in a strain increase beyond 40% deformation.
Foams with different densities follow the same general profile, however
the yield strength changes significantly (variation between 20 and
186 kPa), which can be linked to the changes in pore walls thickness
previously mentioned.

Compared to previously reported pectin-based materials [41,42],
freeze cast sugar beet pectin is particularly efficient in terms of the
specific moduli, Es, (i.e. the elastic modulus divided by the materials’
apparent density) at bulk density below 50 kg.m−3, ranging up to
107 kPa.m3.kg−1. In Fig. 7, sugar beet pectin compressive modulus
measured along the pores was plotted side by side with the literature

Fig. 5. Influence of pectin initial con-
centration on the pore morphology in freeze
cast foams. The boxplots a) to c) represent
the different dimension of the macroporous
features. The individual data points (black
dots) used for each measurement along with
their best fit to a gamma function (light grey
line) are displayed next to the corre-
sponding boxplots. Moustaches delimit the 5
and 95 percentile of the distribution and box
limits represent the 1st and 3rd quartiles.
The dependence between the average pore
section anisotropy and the pectin con-
centration is plotted in d).

Fig. 6. Influence of pectin initial concentration on the mechanical properties of freeze cast foams. The Young’s modulus (upper left panel) and yield stress (lower left
panel) were inferred from the stress-train diagram obtained under compression of 1× 1×1 cm3 foams along the pores’ longitudinal axis.



values for other pectin-based foams (Fig. 7). From the plot, freeze cast
sugar beet pectin foams’ modulus are similar to citrus-based aeropectin
but with significantly lower bulk densities. When compared with freeze-
cast citrus pectin, sugar beet foams can display compressive moduli
over one order of magnitude larger at similar bulk densities. Such an
increased efficiency may arise from the higher aspect ratio and more
controlled orientation of the porosity of the freeze cast sugar beet foams
as compared with the radial orientation of the pores described by Rudaz
[42] or the low anisotropy pores generated by the gelation/coagulation
method [41].

4. Conclusions

Freeze casting of sugar beet pectin solutions provides an easy and
efficient way to prepare lightweight materials with high specific moduli
and efficient liquid transport properties. The foams’ properties are
highly dependent on the processing parameters that allow for a precise
control of the porous materials morphology. Other parameters, in-
cluding mold geometry or presence of additive could be investigated to
further widen the range of possible porous characteristics. Multi-step
processing methods may also be devised to optimize the macroscopic
properties of these materials. In a more general context, the design of
all-polysaccharide lightweight materials has so far been mainly focused
on the development of composite materials combining reinforcing
moieties such as cellulose and its derivatives dispersed in other poly-
saccharide matrices. Here we show that structuring of a single poly-
saccharide material by freeze casting is possible and enables the up-
cycling of sugar beet pectin, a particularly undervalued polysaccharide.
Extension to other water-soluble polysaccharides may prove instru-
mental in designing new materials out of undervalued resources.

Acknowledgements

This work was supported by French state funds managed by the
ANR within the Investissements d'Avenir program under reference ANR-
11-IDEX-0004-02, and more specifically within the framework of the
Cluster of Excellence MATISSE led by Sorbonne Universités. M.
Turmine is warmly acknowledged for the measurement of the liquid
surface tension.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.cej.2018.05.160.

References

[1] L.J. Gibson, M.F. Ashby, B.A. Harley, Cellular Materials in Nature and Medicine,
Cambridge University, Cambridge, UK, 2010.

[2] X. Badiche, S. Forest, T. Guibert, Y. Bienvenu, J.D. Bartout, P. Ienny, M. Croset,
H. Bernet, Mechanical properties and non-homogeneous deformation of open-cell
nickel foams: application of the mechanics of cellular solids and of porous mate-
rials, Mater. Sci. Eng., A 289 (2000) 276–288, http://dx.doi.org/10.1016/S0921-
5093(00)00898-4.

[3] P. Kim, T.-S. Wong, J. Alvarenga, M.J. Kreder, W.E. Adorno-Martinez, J. Aizenberg,
Liquid-infused nanostructured surfaces with extreme anti-ice and anti-frost per-
formance, ACS Nano 6 (2012) 6569–6577, http://dx.doi.org/10.1021/nn302310q.

[4] B. Wicklein, A. Kocjan, G. Salazar-Alvarez, F. Carosio, G. Camino, M. Antonietti,
L. Bergström, Thermally insulating and fire-retardant lightweight anisotropic foams
based on nanocellulose and graphene oxide, Nat. Nanotechnol. 10 (2015) 277–283,
http://dx.doi.org/10.1038/nnano.2014.248.

[5] H. Yang, H. Zhu, M.M.R.M. Hendrix, N.J.H.G.M. Lousberg, G. De With,
A.C.C. Esteves, J.H. Xin, Temperature-triggered collection and release of water from
fogs by a sponge-like cotton fabric, Adv. Mater. 25 (2013) 1150–1154, http://dx.
doi.org/10.1002/adma.201204278.

[6] L.J. Gibson, Biomechanics of cellular solids, J. Biomech. 38 (2005) 377–399, http://
dx.doi.org/10.1016/j.jbiomech.2004.09.027.

[7] G.N. Karam, L.J. Gibson, Biomimicking of animal quills and plant stems: natural
cylindrical shells with foam cores, Mater. Sci. Eng., C 2 (1994) 113–132, http://dx.
doi.org/10.1016/0928-4931(94)90039-6.

[8] K. Schulgasser, A. Witztum, On the strength of herbaceous vascular plant stems,
Ann. Bot. 80 (1997) 35–44, http://dx.doi.org/10.1006/anbo.1997.0404.

[9] S. Orso, U.G.K. Wegst, E. Arzt, The elastic modulus of spruce wood cell wall ma-
terial measured by an in situ bending technique, J. Mater. Sci. 41 (2006)
5122–5126, http://dx.doi.org/10.1007/s10853-006-0072-1.

[10] L.J. Gibson, The hierarchical structure and mechanics of plant materials, J. R. Soc.
Interface 9 (2012) 2749–2766, http://dx.doi.org/10.1098/rsif.2012.0341.

[11] G.N. Karam, L.J. Gibson, Elastic buckling of cylindrical shells with elastic cores-I.
Analysis, Int. J. Solids Struct. 32 (1995) 1259–1283, http://dx.doi.org/10.1016/
0020-7683(94)00147-O.

[12] L.J. Gibson, M.F. Ashby, K.E. Easterling, Structure and mechanic of the iris leaf, J.
Mater. Sci. 23 (1988) 3041–3048.

[13] T. Speck, I. Burgert, Plant stems: functional design and mechanics, Annu. Rev.
Mater. Res. 41 (2011) 169–193, http://dx.doi.org/10.1146/annurev-matsci-
062910-100425.

[14] K. Moritz, U. Ballaschk, G. Schmidt, J. Hubálková, C.G. Aneziris, Oxide ceramics
with unidirectional pore channels by electrophoretic deposition, J. Eur. Ceram. Soc.
36 (2016) 333–341, http://dx.doi.org/10.1016/j.jeurceramsoc.2015.07.006.

[15] M. Vesenjak, K. Hokamoto, M. Sakamoto, T. Nishi, L. Krstulović-Opara, Z. Ren,
Mechanical and microstructural analysis of unidirectional porous (UniPore) copper,
Mater. Des. 90 (2016) 867–880, http://dx.doi.org/10.1016/j.matdes.2015.11.038.

[16] H. Nakajima, Fabrication, properties and application of porous metals with direc-
tional pores, Prog. Mater. Sci. 52 (2007) 1091–1173, http://dx.doi.org/10.1016/j.
pmatsci.2006.09.001.

[17] A.S.P. Lin, T.H. Barrows, S.H. Cartmell, R.E. Guldberg, Microarchitectural and
mechanical characterization of oriented porous polymer scaffolds, Biomaterials 24
(2003) 481–489, http://dx.doi.org/10.1016/S0142-9612(02)00361-7.

[18] V.I. Lozinsky, I.Y. Galaev, F.M. Plieva, I.N. Savina, H. Jungvid, B. Mattiasson,
Polymeric cryogels as promising materials of biotechnological interest, Trends
Biotechnol. 21 (2003) 445–451, http://dx.doi.org/10.1016/j.tibtech.2003.08.002.

[19] M.C. Gutiérrez, M.L. Ferrer, F. del Monte, Ice-templated materials: sophisticated
structures exhibiting enhanced functionalities obtained after unidirectional freezing
and ice-segregation-induced self-assembly, Chem. Mater. 20 (2008) 634–648,
http://dx.doi.org/10.1021/cm702028z.

[20] W. Maxwell, R.S. Gurnick, C. Francisco, Preliminary Investigation of the Freeze-
Casting Method for Forming Refractory Powders, Natl. Advis, Committee Aeronaut,
1954.

[21] S. Deville, Freeze-casting of porous ceramics: a review of current achievements and
issues, Adv. Eng. Mater. 10 (2008) 155–169, http://dx.doi.org/10.1002/adem.
200700270.

[22] Y. Chino, D.C. Dunand, Directionally freeze-cast titanium foam with aligned,
elongated pores, Acta Mater. 56 (2008) 105–113, http://dx.doi.org/10.1016/j.
actamat.2007.09.002.

[23] H.M. Tong, C.C. Gryte, Mechanism of lamellar spacing adjustment in directionally
frozen agar gels, Colloid Polym. Sci. 263 (1985) 147–155, http://dx.doi.org/10.
1007/BF01412789.

[24] H. Nakazawa, H. Yamada, T. Fujita, Y. Ito, Texture control of clay-aerogel through
the crystallization process of ice, Clay Sci. 6 (1987) 269–276.

[25] T. Marras-Marquez, J. Peña, M.D. Veiga-Ochoa, Robust and versatile pectin-based
drug delivery systems, Int. J. Pharm. 479 (2015) 265–276, http://dx.doi.org/10.
1016/j.ijpharm.2014.12.045.

[26] H.M. Tong, I. Noda, C.C. Gryte, Formation of anisotropic ice-agar composites by
directional freezing, Colloid Polym. Sci. 262 (1984) 589–595, http://dx.doi.org/10.
1007/BF01451524.

Fig. 7. Ashby plot of sugar beet pectin prepared by freeze casting in this work
(black circles) and literature values for other lightweight materials prepared
from citrus pectin (red triangles: freeze dried [41]; green squares: supercritical-
dried aerogels [42]). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

http://dx.doi.org/10.1016/j.cej.2018.05.160
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0005
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0005
http://dx.doi.org/10.1016/S0921-5093(00)00898-4
http://dx.doi.org/10.1016/S0921-5093(00)00898-4
http://dx.doi.org/10.1021/nn302310q
http://dx.doi.org/10.1038/nnano.2014.248
http://dx.doi.org/10.1002/adma.201204278
http://dx.doi.org/10.1002/adma.201204278
http://dx.doi.org/10.1016/j.jbiomech.2004.09.027
http://dx.doi.org/10.1016/j.jbiomech.2004.09.027
http://dx.doi.org/10.1016/0928-4931(94)90039-6
http://dx.doi.org/10.1016/0928-4931(94)90039-6
http://dx.doi.org/10.1006/anbo.1997.0404
http://dx.doi.org/10.1007/s10853-006-0072-1
http://dx.doi.org/10.1098/rsif.2012.0341
http://dx.doi.org/10.1016/0020-7683(94)00147-O
http://dx.doi.org/10.1016/0020-7683(94)00147-O
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0060
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0060
http://dx.doi.org/10.1146/annurev-matsci-062910-100425
http://dx.doi.org/10.1146/annurev-matsci-062910-100425
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.07.006
http://dx.doi.org/10.1016/j.matdes.2015.11.038
http://dx.doi.org/10.1016/j.pmatsci.2006.09.001
http://dx.doi.org/10.1016/j.pmatsci.2006.09.001
http://dx.doi.org/10.1016/S0142-9612(02)00361-7
http://dx.doi.org/10.1016/j.tibtech.2003.08.002
http://dx.doi.org/10.1021/cm702028z
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0100
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0100
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0100
http://dx.doi.org/10.1002/adem.200700270
http://dx.doi.org/10.1002/adem.200700270
http://dx.doi.org/10.1016/j.actamat.2007.09.002
http://dx.doi.org/10.1016/j.actamat.2007.09.002
http://dx.doi.org/10.1007/BF01412789
http://dx.doi.org/10.1007/BF01412789
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0120
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0120
http://dx.doi.org/10.1016/j.ijpharm.2014.12.045
http://dx.doi.org/10.1016/j.ijpharm.2014.12.045
http://dx.doi.org/10.1007/BF01451524
http://dx.doi.org/10.1007/BF01451524


[27] G. Turco, E. Marsich, F. Bellomo, S. Semeraro, I. Donati, F. Brun, M. Grandolfo,
A. Accardo, S. Paoletti, Alginate/hydroxyapatite biocomposite for bone ingrowth: a
trabecular structure with high and isotropic connectivity, Biomacromolecules 10
(2009) 1575–1583, http://dx.doi.org/10.1021/bm900154b.

[28] S. Deville, E. Saiz, R.K. Nalla, A.P. Tomsia, Freezing as a path to build complex
composites, Science 311 (2006) 515–518.

[29] W.G. Willats, J.P. Knox, J.D. Mikkelsen, Pectin: new insights into an old polymer
are starting to gel, Trends Food Sci. Technol. 17 (2006) 97–104, http://dx.doi.org/
10.1016/j.tifs.2005.10.008.

[30] S. Levigne, M.-C. Ralet, J.-F. Thibault, Characterisation of pectins extracted from
fresh sugar beet under different conditions using an experimental design,
Carbohydr. Polym. 49 (2002) 145–153, http://dx.doi.org/10.1016/S0144-
8617(01)00314-9.

[31] A. Oosterveld, Pectic Substances from Sugar Beet Pulp: Structural Features,
Enzymatic Modification, and Gel, Landbouwuniversiteit Wageningen, 1997.

[32] M.C. Ralet, M.J. Crépeau, H.C. Buchholt, J.F. Thibault, Polyelectrolyte behaviour
and calcium binding properties of sugar beet pectins differing in their degrees of
methylation and acetylation, Biochem. Eng. J. 16 (2003) 191–201, http://dx.doi.
org/10.1016/S1369-703X(03)00037-8.

[33] C.D. May, Industrial pectins: sources, production and applications, Carbohydr.
Polym. 12 (1990) 79–99, http://dx.doi.org/10.1016/0144-8617(90)90105-2.

[34] S. Christoph, J. Kwiatoszynski, T. Coradin, F.M. Fernandes, Cellularized cellular
solids via freeze-casting, Macromol. Biosci. 16 (2016) 182–187, http://dx.doi.org/
10.1002/mabi.201500319.

[35] R. Rezakhaniha, A. Agianniotis, J.T.C. Schrauwen, A. Griffa, D. Sage, C.V.C. Bouten,
F.N. Van De Vosse, M. Unser, N. Stergiopulos, Experimental investigation of col-
lagen waviness and orientation in the arterial adventitia using confocal laser
scanning microscopy, Biomech. Model. Mechanobiol. 11 (2012) 461–473, http://
dx.doi.org/10.1007/s10237-011-0325-z.

[36] E.W. Washburn, The dynamics of capillary flow, Phys. Rev. 17 (1921) 273–283.
[37] A. Hamraoui, T. Nylander, Analytical approach for the Lucas-Washburn equation, J.

Colloid Interface Sci. 250 (2002) 415–421, http://dx.doi.org/10.1006/jcis.2002.
8288.

[38] A. Hamraoui, K. Thuresson, T. Nylander, V. Yaminsky, Can a dynamic contact angle
be understood in terms of a friction coefficient? J. Colloid Interface Sci. 226 (2000)
199–204, http://dx.doi.org/10.1006/jcis.2000.6830.

[39] M.F. Ashby, On the engineering properties of materials, Acta Metall. 37 (1989)
1273–1293 http://www.sciencedirect.com/science/article/B7598-48JJNMH-X1/
2/0d79eb7a2b9c9ce765848f61b9878497.

[40] M.F. Ashby, Material property charts, Mater. Sel. Mech. Des. 3rd ed., Elsevier,
Oxford, UK, 2005, pp. 46–78.

[41] H. Chen, B. Chiou, Y. Wang, D.A. Schiraldi, Biodegradable pectin/clay aerogels,
ACS Appl. Mater. Interfaces 5 (2013) 1715–1721, http://dx.doi.org/10.1021/
am3028603.

[42] C. Rudaz, R. Courson, L. Bonnet, S. Calas-Etienne, H. Sallée, T. Budtova, Aeropectin:
fully biomass-based mechanically strong and thermal superinsulating aerogel,
Biomacromolecules 15 (2014) 2188–2195, http://dx.doi.org/10.1021/
bm500345u.

http://dx.doi.org/10.1021/bm900154b
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0140
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0140
http://dx.doi.org/10.1016/j.tifs.2005.10.008
http://dx.doi.org/10.1016/j.tifs.2005.10.008
http://dx.doi.org/10.1016/S0144-8617(01)00314-9
http://dx.doi.org/10.1016/S0144-8617(01)00314-9
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0155
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0155
http://dx.doi.org/10.1016/S1369-703X(03)00037-8
http://dx.doi.org/10.1016/S1369-703X(03)00037-8
http://dx.doi.org/10.1016/0144-8617(90)90105-2
http://dx.doi.org/10.1002/mabi.201500319
http://dx.doi.org/10.1002/mabi.201500319
http://dx.doi.org/10.1007/s10237-011-0325-z
http://dx.doi.org/10.1007/s10237-011-0325-z
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0180
http://dx.doi.org/10.1006/jcis.2002.8288
http://dx.doi.org/10.1006/jcis.2002.8288
http://dx.doi.org/10.1006/jcis.2000.6830
http://www.sciencedirect.com/science/article/B7598-48JJNMH-X1/2/0d79eb7a2b9c9ce765848f61b9878497
http://www.sciencedirect.com/science/article/B7598-48JJNMH-X1/2/0d79eb7a2b9c9ce765848f61b9878497
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0200
http://refhub.elsevier.com/S1385-8947(18)30974-4/h0200
http://dx.doi.org/10.1021/am3028603
http://dx.doi.org/10.1021/am3028603
http://dx.doi.org/10.1021/bm500345u
http://dx.doi.org/10.1021/bm500345u

	Ice-templating beet-root pectin foams: Controlling texture, mechanics and capillary properties
	Introduction
	Material and methods
	Materials
	Process
	Characterization

	Results and discussion
	From freezing to freeze-casting pectin foams
	Liquid transport properties
	Mechanical properties
	Influence of pectin concentration

	Conclusions
	Acknowledgements
	Supplementary data
	References




