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Biopolymer aerogels are open-celled, predominantly mes-
oporous solids of natural and seminatural polymers typi-
cally produced by supercritical drying. The first biopoly-
mer aerogels were reported as early as the 1930s,’ but in
the last decade, they have become a remarkably hot topic
in material science after the industrial success of silica-
based aerogels and in the search for more sustainable
precursors.>* Biopolymers have suitable properties for the
sustainable chemistry today, e.g., biocompatibility, abun-
dant resources, low environmental loads, and flexibility
for functionalization. Connecting the inherent advantages
of biopolymers with the three-dimensional unique struc-
tures of aerogels has opened up attractive new potential
applications in flexible thermal superinsulation,>* bio-
medical scaffolds>4 energy storage devices,> drug carri-
ers,’ catalysts,” and food processing.® However, the clarifi-
cation of the potential of the materials still requires more
fundamental scientific insights into the synthetic process-
es, structures, and properties of biopolymer aerogels. The
present work provides an important mechanism for bi-
opolymer aerogel structure formation that has not been
recognized to date and may overturn, or at least expand,
the conventional concept of supercritical drying.

The field of aerogels started by the realization by Kistler
in 1931 that the liquid in a jelly can be replaced by a gas
without shrinkage through the use of a supercritical fluid.!
Since then, supercritical drying has been established as
the standard method of preparing aerogels, both for aca-
demic and industrial production. The current paradigm
states that supercritical drying preserves the inner micro-
structure of the wet gel because of the absence of liquid-
gas interfaces.? In fact, Kistler’s initial goal in preparing
aerogels was to open new investigative opportunities into
the structure of gels, and this is still an important line of
aerogel research today. Since then, numerous studies
investigated microstructure formation inside wet gels. For

silica aerogels, the picture is clear: preformed, primary
silica nanoparticles in the sol interconnect to construct a
three-dimensional nanoparticulate skeleton, most often
in response to a change in pH.*** The gelation of biopol-
ymer aerogels from nanofibrillated building blocks can
proceed along a similar vein, i.e., the pH-triggered gela-
tion of nanofibrillated cellulose> and chitin nanofibers.'4
In contrast, structure formation is more complex for pol-
ymer aerogels from molecular precursors, e.g., fully dis-
solved polymer chains of chitosan, pectin, alginate, and
cellulose, and this is the focus of this study.

Gels from molecular precursors can be prepared via
physical processes, including pH-triggered regeneration
from fully dissolved chitosan,'s starch,” and cellulose
solutions,® antisolvent precipitation of chitin,® cellu-
lose,®>>» and other polysaccharides,>* ion-exchange-
triggered gelation of cellulose-alkaline hydroxide solu-
tion, regeneration from ionic liquid solutions,*** and
temperature-induced gelation.?6-»® Physical cross-linking
by adding electrostatic cross-linkers is possible for molec-
ular precursors of alginate,* pectin,*® and chitosan. Fi-
nally, chemical cross-linking forms covalent molecular
network gels such as cross-linked chitosan,3*35 xanthan,3¢
and galactomannan.? Sometimes phase separation is
responsible for micrometer-scale structures,>**®3® and
very recently, spinodal decomposition was also proposed
to explain the nanoscale concentration contrast for-
mation.3?

In the vast majority of these studies, the structure for-
mation is assumed to occur during gelation, with at most
minor modifications during subsequent processing, in-
cluding supercritical drying. However, this has not been
shown experimentally in most biopolymer systems. Here,
we investigate the formation of a nanofibril-like micro-
structure in chitosan aerogel.3* We provide tantalizing
evidence that the post-gelation treatment of the hydro-



gels, and the solvent exchange with CO, at the first step of
supercritical drying process in particular, is the key step
in forming the nanofibrous aerogel structure.

The chitosan aerogel was prepared by chemical cross-
linking gelation with formaldehyde, followed by solvent
exchange with methanol and supercritical drying using
CO, (see SI for the detailed procedure). The chitosan
aerogel consists of three-dimensionally entangled nano-
fibers with a diameter of approximately 5-30 nm (Fig. 1).
Assuming that one chitosan molecule occupies 0.4 nm? in
the cross section,3>4° each nanofiber would consist of 50-
1800 molecules. The individual nanofibers are not well-
separated or stretched, instead, they form some particle-
like aggregates and branched networks (Fig. S1). In con-
trast to the aerogel, no trace of nanofibrous or nanopar-
ticulate structures is observed for the xerogel, which are
transparent films with a completely smooth surface at the
nanoscale (Figs. 1 and S2). Freeze-dried cryogels display a
secondary macroporosity due to ice crystal growth and
the chitosan sheets that separate the pores are completely
smooth surface at the nanoscale (Figs. S4 and Ss).

The XRD profiles (Fig. S6) show that the starting chi-
tosan reagent consists of partially crystalline microfibrils
as it was produced from chitin of natural crab shells. The
gels however are fully amorphous. This means the micro-
fibrillar structure of the chitosan flakes is destroyed at the
molecular level upon dissolution in acetic acid, and new
structures are built up again during the subsequent steps
as amorphous chitosan. Considering the widely accepted
concepts of structure formation in aerogels, one would
assume that the nanofibrous structure observed in the
aerogel is formed along with the gelation and retained by
supercritical drying. The lack of nanoscale features for the
xerogels and cryogels would be assumed to be the result
of structural degradation during ambient pressure and
freeze dryings, respectively. However, the small angle X-
ray scattering (SAXS) analysis has revealed a different
mechanism in the present case.

The SAXS profile (Fig. 2a) of the starting chitosan solu-
tion displays a broad correlation peak at q ~o0.5 nm™,
consistent with the previous literature.#* After the cross-
linking, this correlation peak disappears, and the hydrogel
as well as the organogel show roughly linear profiles with
a decaying slope of ~1.4 in the q > 0.2 nm™ region in the
log-log plots. On the other hand, the profile of the aero-
gel consists of two regions with a slope of ~4 for q > 0.6
nm™ and ~1.6 for q < 0.6 nm™, similar to those of nano-
fibrous cellulose aerogel® and to those of nanofibrous wet
gels prepared mainly by physical coagulation.4>43

The Kratky plots (Fig. 2b), intensity x g* vs q, demon-
strate clear differences between the polymer chain con-
figurations, i.e., swollen, Gaussian, and collapsed chains.
The starting chitosan solution exhibits an monotonous
increasing behavior towards higher q values, which is an
indication of swollen chains with linear expansion.* The
scattering profile was further considered for modelling
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Figure 1. Aerogel production scheme and SEM images (see
Figs. S1-S5 for additional SEM images).
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Figure 2. SAXS (a) and Kratky (b) profiles for different steps
in the aerogel production.

with a function composed of Porod and a correlation peak
function, resulting in a correlation length of 4.4 nm (Fig.
S7, see SAXS fitting details in SI).#»45 The Kratky plots of
hydrogel and organogel mainly show Gaussian chain
behavior, i.e. ideal or random walk chains equivalent to
the polymers in good solvents. Noteworthy that, the up-
turn at low q values also could be a signature of a minor
amounts of collapsed chains. The fitting analysis gives a
radius of gyration, Ry, of 4-5 nm for both wet gels (Fig.
S8). In contrast, the Kratky plot of the aerogel shows a
maximum followed by a decrease and a plateau at high q.
This downward deviation from the Debye function indi-
cates a mass fractal configuration of aggregated polymer
chains, which reflects the microstructure observed in
SEM. The R, value is estimated at 18.2 nm (Fig. Sg). We
also implemented an indirect Fourier transform approach
to fit the whole curve of the aerogel,#>4” where the scatter-
ing intensity is mainly assumed to originate from the high
contrast between polymer aggregates and the voids. This
approach gives a polydispersed aggregates structure with
Ry = 17.4 nm (Fig. S10), which is in good agreement with
Kratky analysis. In summary, the SAXS data demonstrate
that the hydrogel and organogel are simple chemically
cross-linked molecular gels without a rigid structure of
well-separated polymer/solvent phases. We therefore
conclude that the nanofibrous structure of the aerogel is
formed during the processing steps between organogel
and aerogel, i.e., during supercritical drying.



The microstructure formation during supercritical pro-
cessing correlates with volumetric changes of the gel. In
contrast to silica-based gels, the cross-linked chitosan gel
shows a dynamic change in size without breaking.4¥49 For
example, the as-prepared hydrogel first expands by ~30%
in methanol and then shrinks back by ~15% as the solvent
exchange proceeds (Fig. Su). In situ observations during
supercritical drying reveal that the most drastic change
occurs in the initial steps of supercritical CO, processing:
the thickness of the organogel is reduced by half, corre-
sponding to a 80-90% reduction in volume in an assump-
tion of isotropic shrinkage, during heating and CO, intro-
duction (Fig. 3a). Since the subsequent extraction and
decompression do not affect the gel size, either the sol-
vent exchange from methanol to liquid/supercritical CO,
or the increase in temperature must be the main cause
this volumetric change. To distinguish between both
causes, we introduced liquid CO, at ~6.4 MPa without
heating. As shown in Figs. 3b,c and Si2, the gel also
shrinks in liquid CO,, and the shrinkage is more drastic
with a larger fraction of CO,. These results prove that the
volumetric change is caused by solvent exchange from
methanol to CO,, and not by the increase in pressure or
temperature.
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Figure 3. Change in gel thickness with time (a) during the
supercritical drying and (b,c) in liquid CO, at 25 °C and ~6.4
MPa. (c) Pictures of gel in methanol:CO, = 1: >4 (mol fr) (see
Fig. S12 for methanol:CO, = 1: >0.85).

We suggest that the affinity between chitosan and sol-
vents plays a significant role to trigger the shrinkage and
structure formation. The Flory-Huggins interaction pa-
rameter, y, which can be estimated from solubility pa-
rameters, represents the affinity between a solvent and a
polymer:s°

_ V{(841=842)*+0.25(8p1—=8p2)?+0.25(8p1~6h2)?} (

- RT )
where S, &, S and Su, &, 6, are the Hansen solubility
parameters for dispersion, polarity, and hydrogen bond-
ing of the solvent and solute, respectively, R is the gas
constant, T is the temperature, and V is the molar volume
of the solvent (Table S1). Molecular chitosan has a large
contribution from hydrogen bonding because of the OH
and NH, groups.>*s> Hence, it has high affinity with hy-
drating solvents such as water and methanol. The y values
between molecular chitosan and solvents are calculated
to be water (0.85) < methanol (1.15) << supercritical CO,
(~n) < liquid CO, (~60), where larger values mean less
affinity. Although the actual chitosan in this study is not
simply molecular chitosan but a cross-linked chitosan gel,
these values provide a qualitative explanation for the
shrinkage and structure formation behavior.

Based on all the observations, we propose the following
mechanism for the nanofibrous structure formation (Fig.
4). As the fraction of CO, introduced into the gel increas-
es, the low affinity between chitosan and CO, causes the
macroscopic shrinkage and the coagulation between indi-
vidual chains. The coagulated polymers are held together
by hydrogen bonds to form nanofibers and nanoparticle-
like aggregates, which magnifies the inhomogeneous
density distribution in the wet gel. This newly formed
microstructure is then retained in the aerogel because of
the absence of surface tensions during the depressuriza-
tion process.
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Figure 4. Proposed mechanism for nanofibrous structure
formation in CO,. Images are not to scale.

In conclusion, we have found a new aspect that expands
the conventional idea of supercritical drying: CO, pro-
cessing as a microstructure forming step. The SAXS anal-
ysis and in situ observation of the gel volume reveal that
the nanofibrous network structure of the chitosan aerogel
forms during the CO, processing, most likely through the
physical coagulation of chitosan chains in CO,. Note that
the structural and volumetric changes during supercriti-
cal drying are not necessarily detrimental to the final
aerogel properties. In fact, in the case of the chitosan
aerogels studied here, it is the nanofibrous structure
formed during CO, processing that imparts the aerogels
with their excellent optical and mechanical properties
and ultralow thermal conductivity.# Finally, large volu-
metric changes during supercritical drying are not a phe-
nomenon unique to chitosan, but a general feature of
(bio)polymer aerogel production, including polyure-
thane,s alginate,5* and regenerated cellulose aerogels.5



Thus, structure formation during CO, processing may be
important for many other polysaccharide, biopolymer,
and polymer aerogel systems and, when understood com-
pletely and utilized intelligently, may enable the produc-
tion of even higher performing materials.
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