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Abstract



Biodegradable anisotropic neat porous starch materials without any additional cross-linking,
plasticizer or any extra matter have been fabricated via facile ice-templating method. Waxy maize
was dissolved in water followed by unidirectional freezing and ice sublimation. The influence of
process parameters (starch concentration and retrogradation time) on the morphology, density,
mechanical properties under the uniaxial compression and thermal conductivity were investigated.
The internal morphology and the shape of the pores, from lamellar to sponge-like, was shown to
be governed by starch concentration. All porous starches have very low density (0.07-0.15 g/cm?),
anisotropic mechanical properties and low thermal conductivity, in particular in transverse
direction (0.037-0.048 W/(m-K)). Interestingly, when compressing the ice-templated starches in
the transverse direction, the thermal conductivity was further decreased reaching the values of
0.033 W/(m-K). This work provides the guidelines for making fully biobased porous starch

materials with controlled morphology and properties.

Keywords: waxy maize starch, unidirectional freezing, lyophilization, anisotropy, density,

mechanical properties, thermal conductivity



1. Introduction

Polymer cellular materials are widely used in numerous applications as materials for packaging,
thermal or acoustic insulation, shock absorbers, bio-medical scaffolds, etc. With the goal to reduce
the environmental impact of synthetic polymer industry and to realize a sustainable society, bio-
based polymer foams and aerogels attract more and more attention [1]. Starch is one of the most
abundant, widely available, biodegradable and inexpensive polysaccharides; its foams of various
morphology and properties can be made via extrusion or baking starch pastes at high temperature,
microwave heating, freeze-drying or drying under supercritical conditions [2—4]. Freeze-drying of
starches is used for various applications: for the preservation of granules, for modification of starch
digestion, for encapsulation and release of active compounds and for making biomimetic templates
[5-7]. Thermal conductivity of porous starch-based materials has also been considered recently in
the view of applications for thermal insulation [8,9].

Freeze-drying is widely applied in industry to make porous materials or powders. It consists of
freezing the solvent in a system followed by the sublimation of solvent crystals (often ice in case
of aqueous solutions). The resulting material is light-weight, with open porosity and interconnected
macropores. Freeze-drying also allows the fabrication of porous materials with anisotropic
morphology by varying and controlling crystals’ growth direction using, for example,
unidirectional freezing and removing the solvent by sublimation (or lyophilization); it is also called
ice-templating or freeze-casting [10]. This can be of a particular interest for biological, tissue
engineering and biotechnological applications if the solid phase is based on a biocompatible matter
[11].

To obtain starch-based porous materials, freeze-drying has been applied on various starches in

different initial states: granules [5], solutions [7,12], emulsions [13] and gels from retrograded



starch [4,14-16]. As the majority of starches contain amylose which is retrograding quickly, freeze-
dried starches are made from gels [4,14-16]. Often starches are plasticized [12] and/or mixed with
other matters [7,17,18]. Only few articles report on porous materials made from starches that are
based on amylopectin [7,17]: as amylopectin retrogradation is slow and thus freeze-drying is
performed from solutions, reinforcing fibers such as microfibrillated cellulose [7] or nanochitin
[17] have been used.

Few words have to be said about the terminology found in literature to name some porous
materials “cryogels” and “aerogels”. Strictly speaking, “cryogels” are materials in which freezing
induces gelation [19]. If no gelation occurs upon freezing and a porous material is formed after
freezing and lyophilisation, it is called a “cryostructurate”; without any post-treatment it is soluble
in the solvent which was removed by lyophilization [19]. Cryostructurate is also a material based
on a gel in which the solvent is frozen and removed [19]. “Aerogels” are materials with low density
and high specific surface area [20]. IUPAC gives the definition of an aerogel as “a gel comprised
of a microporous solid in which the dispersed phase is a gas” [21]; however, this definition is too
restrictive as it excludes even classical mesoporous silica aerogels. Aerogels scientists agree that
aerogels are dry open pores nanostructured (mesoporous with small macropores) materials with
high porosity (above 90%) and high specific surface area (at least above 100 m?/g) [1,22].

In our previous work we demonstrated that amylose/amylopectin ratio, and thus the initial state
of dissolved starch (gel vs solution) before freeze-drying, significantly influence the morphology
and properties of the dry material [15]. Retrograded starch with higher amylose content formed
stronger gels which were better “resisting” to the growth of ice crystals. For example, the pores in
the retrograded and freeze-dried pea starch (33 — 36% amylose) did not show any preferential pore

orientation under unidirectional freezing and ice sublimation; at the same concentration potato



starch (18 — 21 % amylose) gels are weaker than those of pea starch and pores became slightly
oriented. Freeze-drying of the weakest gels based on retrograded (30-45 days) waxy maize starch
possessed strongly oriented pores in the direction of the growth of ice crystals. It was thus
concluded that waxy maize starch is suitable for ice templating but no further study of the properties
of these materials was performed.

The goal of this work is to make ice-templated starches with no additional cross-linking, no
plasticizer and no additional matter; we hypothesize that such neat porous starch materials (or
cryostructurates) can possess properties that compete with freeze-dried starches containing various
additives (either plasticizers and/or reinforcing agents). The starch was waxy maize (amylopectin)
and the solvent was water; unidirectional freezing followed by ice sublimation was used. The
influence of starch concentration and retrogradation time as well as pores’ orientation on the final
material morphology and properties (density, specific surface area, mechanical properties under

the uniaxial compression and thermal conductivity) were systematically studied.

2. Experimental Section
2.1 Materials

Waxy maize starch N-200 with amylose content around 1% was kindly provided by Roquette,
France, and used without any further purification. Distillated water was used.
2.2 Preparation of waxy maize porous starch materials by ice-templating method

Waxy maize porous starches were prepared through the following steps: dissolution-
retrogradation-ice templating (Fig. 1). Waxy maize starch solutions of 5, 8 and 11 wt% (in dry
weight) were prepared using our previous method [15]: starch was mixed with distilled water at

room temperature for 5 min, then heated up to 95 °C under stirring at 1000 rpm, and stirred for



another 3 h. In these conditions waxy maize starch is dissolved with no granule remnants (Fig. S1).
Hot starch solutions were centrifuged for 3 min under 8000 rpm to remove air bubbles. After
cooling down to room temperature, solutions were placed in cubic moulds (30 mm edge) made of
Teflon™ with a metal plate at the bottom and stored at 4 °C for retrogradation during 3, 7 and 11

days. No gelation within this retrogradation time was recorded [15].
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Schematic illustration of the processing route for making anisotropic waxy maize porous starches

(or cryostructurates).

The ice-templating process was performed by placing the metal plate of the mould in the liquid
nitrogen and keeping until starch solution is frozen (see Fig. 1). Water from the frozen sample was
sublimated for 4 days by using the Lyophilisateur Cryotec COSMOS-80 (Cryotec) at - 82 °C and
pressure below 2 mTorr. In the following, the waxy maize porous starches are named as “X wt%-
N days”, where X is the starch concentration in solution and N is retrogradation time. The

“transverse” and “longitudinal” directions will be used in the following to indicate the direction
6



perpendicular and parallel to the ice crystals’ growth, respectively, as illustrated in Fig. 1. We name
the final material obtained after lyophilization a “porous starch” or a “cryostructurate” as it can be

dissolved in the conditions used for the dissolution of the initial waxy maize starch.

2.3 Characterization
2.3.1 Bulk density and porosity

Bulk density p,,; Of waxy maize porous starches calculated from the measurements of sample
volume made with a digital caliper and weight with high-precision digital balance. The porosity
and pores’ specific volume were calculated from bulk and skeletal density pgkererar (the latter taken

as 1.45 g/cm?®) [23].

porosity (%) = (1 - M) x 100% (1)

Pskeletal

1 1
pore volume = — 2
Pbulk Pskeletal

2.3.2 Specific surface area

Specific surface area of waxy maize porous starch was determined using the Brunauer, Emmett
and Teller (BET) method with ASAP 2020 specific surface area and porosity analyzer
(Micromeritics Instrument Corporation). Prior to the measurement, all samples were degassed at
70 °C for 10 h.
2.3.3 Morphology

The morphology (internal cross-section) was characterized by Scanning Electron Microscope
(SEM) MAIA 3 (TESCAN) with an accelerating voltage of 3 kV. Before the measurements, a
roughly 14 nm thin layer of platinum was sputtered onto the sample’s surface with Q150T coater
(Quorum). Pore density was calculated by analysing SEM images of the cross-sections of samples

using ImageJ software as follows: i) for 5 wt% samples from the number of slit pores within 1 mm
7



(at least 200 individual pores were analyzed); ii) for 8 wt% and 11 wt% samples from the number
of honeycomb or spherical pores within 1 mm? area (at least 8 SEM images with magnification x
2000 were anaysed). Pore wall thickness was also estimated from SEM images using ImageJ
software (at least 100 pore walls analyzed).
2.3.4 Mechanical properties under compression

Mechanical properties of waxy maize porous starches under the uniaxial compression were
analyzed using Instron 5967 testing machine equipped with a 30 kN load cell. This load cell has
been calibrated in class 0.5 (i. e 0.5% of error, per ISO 376:2011) in the range of 1/300 and 100%
of the nominal load. The error is lower than 1% of the nominal load in the range from 2 N to 100
N. All samples were cut into cubes with around 1 cm?® edge with using a razor blade, the planes
were checked to be parallel and planar. The compression rate was 1 mm/min. A preload of 1 N was
used to ensure the contact with the sample. Compressive modulus was calculated from the initial
linear region (up to = 3% strain) of nominal stress-strain dependence. For higher strains, stress at
40% strain and compression toughness (or energy absorbed) up to 40% strain were also calculated.
2.3.5 Thermal conductivity
Thermal conductivity was measured using steady-state method with a standard Fox150 Thermal
Conductivity Meter (Laser Comp) equipped with a custom micro-flow meter developed for small
samples [24,25]. The samples were square plates of about 30 mm in side and 28 mm in thickness.
The sample was placed between two plates; one of them is heated, the temperature of the other
plate was recorded and thermal conductivity calculated from temperature difference. The
calibration was carried out with i) a fibrous-glass board reference material IRMM 440-A, NIST

1450b SRM, thermal conductivity at 23°C 0.03194 W/(m-K) and ii) a superinsulating commercial



material of thermal conductivity at 23°C 0.016 W/(m-K), obtained according to a standard NF EN

12667.

3. Results and discussion
3.1 Density, porosity, pore volume and morphology of waxy maize porous starch materials
Density is the main parameter characterizing a porous material; it is shown in Fig. 2a for waxy
maize porous starches for three starch concentrations in the initial solution as a function of
retrogradation time. All densities are very low, and increase with the increase of starch
concentration, as expected. No influence of retrogradation time was recorded, within the
experimental errors. The porosity of the obtained materials is presented in Fig. S2; it varies from
90 to 95% for starch concentrations from 11 to 5 wt%, respectively. Pore volume is high, from
about 5 to 14 cm®/g (Fig. 2b). It is comparable with pore volume in cellulose Il aerogels (10 — 25

cm?®/g) [26] or pectin aerogels (10 — 30 cm®/g) [24].
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Density (a) and pore volume (b) of waxy maize porous starches from different starch
concentrations as a function of retrogradation time. If the errors are not seen, they are smaller or

equal to the symbol. Lines are given to guide the eye.



The representative images of the morphology of waxy maize porous starches are demonstrated
in Fig. 3; they show the cross-sections perpendicular to the ice-growth direction. Similar
morphology was observed for other retrogradation times (see Fig. S3 of the Supporting
Information). The increase in starch concentration leads to a significant modification of pore
structure (Fig. 3a): from big slit pores at 5 wt% concentration to medium irregular honeycomb-like
pores at 8 wt% followed by smaller spherical pores at 11 wt%. Because of the significant change
of pore shape for samples from low (5 wt%) to higher (8 and 11 wt%) starch concentration, it was
not possible to evaluate the influence of starch concentration on pores’ dimensions. Thus, pore
density was roughly estimated (see Methods section); it is presented in Fig. S4. As expected, pore
density increases with the increase of starch concentration.

As the freezing conditions are the same in all cases, the morphology is controlled by starch
concentration. The growing ice crystals induce a significant increase in starch concentration within
the volume of the so-called “unfrozen liquid microphase” [19]. At low starch concentration, the
lamellar structure is formed with the walls connected by “bridges” that not always “reach” the
opposite lamella (Fig. 3a). With the increase of starch concentration more and more bridges are
formed between lamellas (Fig. 3b). Further increase of starch concentration leads to a formation of
a “spongy” matrix without any distinction between lamellas and bridges (Fig. 3c). These types of
pores’ structures have been reported for other organic or inorganic ice-templated porous materials
[10], but, to the best of our knowledge, not for any neat non-crosslinked polysaccharide cryogenic
structure made from the same precursor. Retrogradation time does not significantly change either
pore type or dimensions within the same starch concentration. Pore wall thickness, roughly
estimated by image analysis, varies from 0.4 to 0.8 um and does not depend on starch concentration

or retrogradation time.
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Fig. 3.
SEM images of the cross-section of waxy maize porous starches made from starch concentrations

of 5 wt% (a), 8 wt% (b) and 11 wt% (c), all after 3 days retrogradation. Scale bars are 20 um.

The specific surface area of all obtained materials is very low, within 3 - 5 m?/g, and does not
depend either on starch concentration or retrogradation time. These low values correlate with very
large macropores, as seen in Fig. 3 and Fig. S3, and reflect the absence of mesoporosity. Similar
low values were obtained for freeze-dried retrograded potato starch [15,16] and amylomaize starch

(67% amylose) [16].

3.2 Mechanical properties

The mechanical properties of waxy maize porous starch materials were tested under the uniaxial
compression in the directions parallel (longitudinal) and perpendicular (transversal) to the growth
of ice crystals (Fig. 4a). The examples of stress-strain curves are shown in Fig. 4b. No breakage
was observed within the interval of strains applied. The curves exhibit three regions, in particular
well defined for the compression in the longitudinal direction, and typical for porous materials: an
elastic region up to few strains per cent, a plastic deformation plateau and a final densification

region.
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Schematic illustration of the uniaxial compression of porous starches in two different directions
(a), representative stress-strain curves for 5 wt%-3 days and 8 wt%-3 days materials (b),
compressive modulus (c), stress at 40% strain (d) and compression toughness (d) as a function of

material bulk density.

The stresses in the longitudinal direction are much higher than in the transverse direction, as
expected, and as reported for other anisotropic porous materials, bio-based [27-31] or not [32,33],
with similar shapes of stress-strain curves [27,33]. All characteristics are plotted as a function of
material density (Fig. 4c-e). Compressive modulus, stress at 40% strain and toughness in the
longitudinal direction are several times higher than those in the transverse direction which
correlates well with trends reported for anisotropic foams [32]. All characteristics increase with
porous starch density (Fig. 4c-e), as expected. They were approximated by power-law dependences,

as predicted for foams [32] and also aerogels [34,35]. The scaling exponent for compressive
12



modulus is around 2.6 + 0.56 for the transverse direction and 4.6 + 1.39 for the longitudinal
direction. These values are higher than the one predicted for classical open-cell foams (modulus
proportional to foams density in power 2) [32] and similar to those reported for inorganic and bio-
based cryogels and aerogels (power from 3 to 4) [34-36]. It should be noted that cell morphology
and cell shape anisotropy ratio vary with amylopectin concentration and, as a consequence, with
material density (see the discussion on the morphology in the section above and Fig. 3). A detailed
description of porous amylopectin mechanical properties is not in the scope of this study. What we
want to show here is that the values of the compressive modulus in the longitudinal direction at the
density around 0.1 g/cm? are higher than those of freeze-dried wheat or corn starch (density: 0.12
g/cm®) [14] and similar to the freeze-dried cellulose Il (density: 0.08 ~ 0.10 g/cm?®) [35] or
amylopectin reinforced with microfibrillated cellulose (density: 0.09 ~ 0.11 g/cm®) [7]; however,

in our case no reinforcement was used.

3.3 Thermal conductivity

Different porous polymer materials, including bio-based ones, can be used for thermal insulation.
In the first approximation, the thermal conductivity A of a porous material is a sum of the solid A,
gas A, and radiation 1,,, components:

A = Asolid + Agas + Arad (€))

Heat transfer by convection can be neglected when the size of the pores is smaller than about 1
mm, and radiation conductivity is low for optically thick materials at not elevated temperature.
Thermal conductivity of the solid phase is power-law dependent on material density, and thus one
of the ways to decrease the total thermal conductivity is to decrease material bulk density. The heat

transfer through a gaseous phase depends on material porosity ¢ and pore size D:
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where A4 is the thermal conductivity of the free gas, 8 is a constant value usually around 1.5 and
[ is the average free path of the gas molecule (around 70 nm for the air in ambient conditions). For
a material of a given porosity, gas thermal conductivity can be decreased by decreasing pore

diameter, and below [ value A, may become lower than A4, (Knudsen effect). This means that low-

density porous materials with pores’ dimensions below 70 nm may possess thermal conductivity
below that of air (0.025 W/(m-K)). This is the case of some inorganic or organic aerogels including
some bio-aerogels based on pectin, starch, nanocellulose or alginate that are intrinsically thermal
superinsulating materials [8]. Thermal conductivity can thus be considered as a physical property
of a material reflecting not only its thermal, but also morphological properties. For example, by
varying the size of the pores by compression, the thermal conductivity of 2,3-dicarboxyl
nanocellulose aerogels was decreased from 0.030 to 0.018 W/(m-K) [37].

The thermal conductivity of anisotropic porous starches was measured in longitudinal and
transverse directions (Fig. 5). The thermal conductivity in the transverse direction is lower (around
0.04 W/(m-K)) than that in the longitudinal direction (around 0.06 W/(m-K)) (Fig. 5a); a similar
trend was reported for freeze-dried nanowood [38,39], bacterial cellulose/polyimide [40] and
nanocellulose/graphene oxide [30]. As expected from the morphology of the obtained porous starch
materials (Fig. 3 and S3) and eg. 3 and 4, thermal conductivity is low but higher than that of air
because of large size of the pores. Interestingly, the conductivity practically does not vary with
either material density (Fig. 5a) or retrogradation time (Fig. 5b) within the ranges investigated
which can be explained by the simultaneous evolution of cell morphology and density with the

increase of starch concentration (Fig. 3).
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Fig. 5.
Thermal conductivity of waxy maize porous starches: (a) as a function of density (non-
compressed), (b) as a function of retrogradation time (non-compressed), (c) as a function of
compression strain and (d) as a function of density for compressed samples. Lines are given to

guide the eye.

We used the approach applied to aerogels based on nanofibrillated 2,3-dicarboxyl cellulose [37]
and evaluated the thermal conductivity of compressed waxy maize porous starches (Fig. 5c,d). The
compression strain was varied up to 60% (Fig. 5c¢). Interestingly, more the material was compressed,

lower was the conductivity (Fig. 5¢) despite some increase of material density after compression
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(Fig. 5d). The result obtained is due to the decrease of pores’ size under compression. This
phenomenon is reported for porous starch for the first time; it opens the way of tuning thermal
conductivity of porous starch materials by a simple mechanical action.

It is worth noting that waxy maize porous starch materials prepared in this work perform well
in terms of thermal conductivity in the transverse direction as compared to other porous starch
materials, see Table 1. Because of large pores, all freeze-dried starches possess thermal
conductivity higher than that of air, as expected. Only some starch aerogels are thermal
superinsulating materials thanks to the preservation of mesoporosity when drying with supercritical

CO,[8,14].

Table 1. Thermal conductivity of porous starch materials made via freeze-drying and supercritical

drying.
. . Thermal .
Starch type g(:g;)té?lgilt E)ge/(r:]rsr:?)l conductivity rag;}g% Reference
(W/(m-K))
Wheat starch i 0.12 0.040 freeze [14]
Corn starch 0.12 0.040 drying
konjac freeze
Potato starch  glucomannan/  0.021-0.054 0.047-0.053 drvi [41]
rying
wheat straw
Amylopectin sodium 0.034-0.036
hydrate montmorillonit 0.0254- (perpendicular freeze [42]
(from waxy e 0.0288 to ice growth drying
corn) direction)
0.098 0.041
nano freeze
Starch fibrillated ~ 0.013-0.082  0.042-0.054 drying 1431
cellulose
Wheat starch
Corn starch 0.26 0.036 supercritical
High amylose 0.29 0.033 drying [14]
0.15 0.024
corn starch
Pea starch : 0.1 0.021 supercritical gy

drying
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4. Conclusions

Waxy maize porous starch materials with tunable anisotropic morphology, mechanically strong
and of low thermal conductivity were made through unidirectional freezing and ice sublimation.
No crosslinking or reinforcement was used. Pore structure varied from slit-like to sponge-like
adapting to the growth of ice crystals on one hand and controlled by starch concentration on the
other hand. Slit-like pores were formed at low starch concentration (5 wt%), the increase of starch
concentration led to a larger number of “bridges” between lamellas (8 wt%), and, finally, a uniform
spongy matrix without any distinction between lamellas and bridges was at the highest starch
concentration (11 wt%). Density varied from 0.07 to 0.15 g/cm?.

Anisotropic morphology induced anisotropic mechanical and thermal conductivity properties of
waxy maize porous starches. Compressive modulus in the direction parallel to the growth of ice
crystals (longitudinal direction) is about one order of magnitude higher than the one in the direction
perpendicular to the growth of ice crystals (transversal direction). The former varies from around
2.9 to 14.9 MPa and the latter from 0.08 to 0.37 MPa. Toughness varies from few tens to about 100
kJ/m3. Thermal conductivity of porous starches is low, 0.037 — 0.067 (W/(m-K)) and it is lower in

the transverse direction. Further decrease of thermal conductivity was achieved by compressing
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the porous starch material in the transverse direction, reaching the values as low as 0.033 (W/(m-K))
when compressed at 60% strain.

Overall, we provide the “recipes” for making fully biobased porous materials with controlled
anisotropic morphology and properties that can be used as templates for various applications, from
biomedical as scaffolds for cells growth or engineering for sound or thermal insulation or

electromagnetic waves absorption.
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Optical microscope images of waxy maize starch before (a) and after heating at 95 °C for 3 h.
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Fig. S2.

Porosity of waxy maize porous starch materials from different starch concentrations as a function

of retrogradation time. If the errors are not seen, they are smaller or equal to the symbol. Lines

are given to guide the eye.
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SEM images of the cross-section of waxy maize porous starches made from starch concentrations

of 5 wt%, 8 wt% and 11 wt%, all after 7 days retrogradation. Scale bars are 10 um.
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Fig. S4.

Pore density of waxy maize porous starches made from starch solutions of concentrations 5 wt%

(in black), and 8 wt% and 11 wt% (in red), all after 3 days retrogradation.
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