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ABSTRACT

The functionality of biopolymer aerogels is inherently linked to its microstructure, which in turn
depends on the synthesis protocol. Detailed investigations on the macroscopic size change and
nanostructure formation during chitosan aerogel synthesis, reveal a new aspect of biopolymer
aerogels that increases process flexibility. Formaldehyde-cross-linked chitosan gels retain a
significant fraction of their original volume after solvent exchange into methanol (50.3%), ethanol
(47.1%) or isopropanol (26.7%), but shrink dramatically during subsequent supercritical CO-
processing (down to 4.9%, 3.5% and 3.7%, respectively). In contrast, chitosan gels shrink more
strongly upon exchange into n-heptane (7.2%), a low affinity solvent, and retain this volume during
CO; processing. Small-angle X-ray scattering confirms that the occurrence of the volumetric
changes correlates with mesoporous network formation through physical coagulation in CO> or n-
heptane. The structure formation step can be controlled by solvent—polymer and polymer—drying

interactions, which would be a new tool to tailor the aerogel structure.
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1. INTRODUCTION

Aerogels, highly porous solids with three-dimensional mesoporous structures, have become more
and more attractive materials in both academia and industry in recent decades thanks to their large
potential for energy-saving, energy-harvesting, biomedical, environmental remediation, and
aerospace applications (Pierre & Pajonk, 2002; Aegerter et al., 2011; Randall et al., 2011;
Smirnova & Gurikov, 2018). A lot of effort has been dedicated to microstructural control of
aerogels because their favorable properties such as, high surface area, ultralow thermal
conductivity (Jelle, 2011; Koebel et al., 2012), and unique mechanical, optical and acoustic
properties (Tabata et al., 2012; Merli et al., 2018; Takeshita et al., 2019a), originate mainly from
their three-dimensional pore structures. Aerogel production generally consists of three steps: wet
gel making, washing/solvent exchange and drying. Classical studies on inorganic aerogels using
scattering techniques had revealed that the initial gel making step is responsible for the formation
of main porous skeletons (Craievich et al., 1986; Lours et al., 1990; Woignier et al., 1990; Pahl et
al., 1991; Posselt et al., 1992; Hasmy et al., 1995; Rigacci et al., 2001; Reidy et al., 2001; Hu et
al., 2001). Subsequent solvent exchange and drying steps make only minor modifications, such as
internal primary particle formation in the skeletons (Perissinotto et al., 2015) and necking through
Ostwald ripening in supercritical alcohol drying (Yoda & Ohshima, 1999). In particular, widely
used supercritical CO> drying has been considered to preserve the microstructure because of inert

nature of CO; and the absence of capillary forces during drying (Emmerling & Fricke, 1992).
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Biopolymer aerogels rapidly became a hot topic in material science in late 2000s after the
research trend shifted toward green and sustainable chemistry (Zhao et al., 2018; Takeshita et al.,
2020; El-Naggar, 2020). Many researchers have focused on nano- and micro-fibrillated cellulose
(Buesch et al., 2016; Plappert et al., 2017; De France et al., 2017) and chitin aerogels (Heath et al.,
2013). In these cases, structure formation is simple: fibers with well-defined dimensions assemble
to construct a three-dimensional aerogel structure at the gel formation step. Biopolymer aerogels
starting from solution such as, chitosan (Takeshita et al., 2015, 2016, 2017a, b; Caro-Leoén et al.,
2018; Ganesan et al., 2018; EI Kadib, 2020; Wei et al., 2020; Le Goff et al., 2020; Tabernero et
al., 2020), pectin (White et al., 2010; Tkalec et al., 2015), and alginate (Valentin et al., 2005;
Robitzer et al., 2008; Veronovski et al., 2012), show more complex structure formation, but in
many cases, the initial gel formation step is still the structure-determining step. Typical examples
include the physical coagulation of chitosan (Valentin et al., 2007; Baldino et al., 2014; Joan et al.,
2018; Lopez-Iglesias et al., 2020), pectin (Tkalec et al., 2015), and cellulose solution (Cai et al.,
2008; Pircher et al., 2016) in antisolvents and/or by pH jump, in which gelation and solid phase
formation, i.e. the phase separation between a dense solid skeleton and voids filled with solvent,
occur simultaneously. Solvent exchange with antisolvent after the gelling is also responsible for
structure formation through physical coagulation in some cases (Rudaz et al., 2014), but

supercritical drying step was still considered to not affect the microstructure.

In the above-mentioned context, supercritical drying has been considered as the “gold
standard” to make aerogels that preserve the microstructures from the wet gels, for both inorganic
and organic systems. Very recently, our group found that the microstructure of chemically cross-
linked chitosan gel can be drastically different before and after supercritical CO» processing

(Takeshita et al., 2019b). In that study, cross-linking-induced gelation or solvent exchange into
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methanol did not contribute much to the formation of the final rigid aerogel structure. Another
interesting feature found in biopolymer aerogels is dynamic change in gel size during solvent
exchange and even during supercritical drying (Gurikov et al., 2019), but the relation between
macroscopic size and microstructure formation has not been investigated. Aside from its academic
interest, excessive shrinkage of biopolymer aerogels during supercritical drying is also of practical
importance because it reduces the volumetric yield of the process for a given autoclave volume

and can thus present a significant barrier for industrial production.

Here, we use cross-linked chitosan aerogel as a model system to investigate the effect of
different exchange solvents on shrinkage and structure formation in biopolymer aerogels.
Specifically, the effect of solvent—polymer affinity on gel size is investigated, the aerogel
nanostructure formation step is identified by small-angle X-ray scattering (SAXS), and shrinkage—
structure formation correlation is established. The main purpose is to demonstrate gel-formation
step control through solvent—polymer interactions as a general strategy for structure—property

tailoring of biopolymer aerogels.

2. EXPERIMENTAL SECTION

2.1 Materials. Chitosan (Wako Pure Chemical Industry, deacetylation degree: 80%, viscosity: 20—
200 mPa s at 5 g L™! and 20 °C), acetic acid (VWR, 99.9%), formaldehyde aqueous solution
(Sigma-Aldrich, 37 wt. %), methanol (Thommen Furler, 99%), ethanol (Alcosuisse, 99.9%),
isopropanol (Thommen Furler, 99.5%), and n-heptane (Brenntag Schweizerhalle AG, UN 1206,
99%) were used without further purification. CO2 (99.9%) was purchased from Messer Schweiz

AG.
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2.2 Aerogel synthesis. Chitosan was dissolved at 5 g L™! in a 0.5 vol. % acetic acid solution to
make a stock solution that was stored for at least 1 week. The stock solution (4.0 mL) was mixed
with aqueous formaldehyde solution (1.0 mL, 37 wt. %) in a 30 mm (inner diameter) glass petri
dish. The petri dish was placed in an airtight polypropylene container and kept at 60 °C for 24 h
to complete gel formation and aging. The resulting hydrogel was soaked in organic solvents and
its volumetric change was recorded as a function of time (detailed solvent exchange protocols in
SI). After solvent exchange, the gel was placed in an autoclave (~50 mL in volume) with ~45 mL
of the final exchange solvent and sealed in the supercritical drying system (Separax). The pressure
of the system was gradually increased up to 160 bar over 1 h by introducing CO2 without
circulation, while the temperature was set at 80 °C. The solvent was extracted through CO>
circulation at 160 bar for 4 h. Then, the pressure was gradually decreased to ambient pressure over

1 h, to yield an aerogel sample.

2.3 Volume, density and microstructure. The volumetric change of the hydrogels and organogels
was determined from their diameter and height measured by caliper. The apparent density of the
aerogel samples was calculated from its diameter, height and weight. Nitrogen sorption isotherms
were acquired at 77 K with a gas-adsorption instrument (Micromeritics, 3flex) after 20 h of
degassing at 50 °C and 0.06 mbar. The specific surface area was calculated from the isotherms
from the low pressure range (P/Po between 0.07 and 0.30) using Brunauer—Emmett—Teller (BET)
method. The pore properties were evaluated from the adsorption part of the isotherm using Barrett—
Joyner—Halenda (BJH) analysis. The microstructure of the samples was observed with a field-
emission scanning electron microscope (SEM, FEI, Nova NanoSEM 230) after application of a

thin coating of conductive Pt.
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2.4 SAXS measurements. Organogels for SAXS measurements were prepared directly in quartz
capillaries (Hilgenberg, 1.5 mm width, 0.01 mm thick glass, 80 mm length). The 5 g L™! chitosan
solution described above was mixed with aqueous formaldehyde solution in a 4:1 volume ratio.
This mixture was poured into the capillaries, sealed with paraffin film, and kept at 60 °C for 24 h
to obtain hydrogels. The closed end of the capillary was broken in order to enable solvent exchange
from both ends, and the capillaries were soaked in the designated solvents (methanol,
water/ethanol — ethanol, water/isopropanol — isopropanol). The solvent was replaced at least 8
times over 7 days at room temperature to complete the solvent exchange, as monitored by diffusion
of a dye (Fig. S2). As the heptane-exchanged wet gel could not be prepared directly in a capillary
(due to drastic shrinkage), this sample was prepared by squeezing already solvent-exchanged wet
gel into a capillary. The capillaries were sealed with wax prior loading into the vacuum
environment of the sample chamber. The signals for sample and background were acquired 5
times, one hour for wet gels and 5 min for aerogels, and then averaged. Background measurements
were conducted on capillaries filled with the relevant solvent. SAXS profiles were recorded with
a Nanostar instrument (Bruker, Germany) equipped with a micro-focused X-ray source (Incoatec)
with a beam spot size of about 400 um, Cu Ko radiation (1 = 0.154 nm), and a VANTEC-2000
Xe-based gas avalanche detector placed 107 cm from the sample. The detector includes 2048 x
2048 pixels, each 68 x 68 um? in size, and operates at a photon-counting rate of 0.5 per seconds.
The minimum reliable scattering vector magnitude, gmin, is ~0.1 nm™! with ¢ = (47/A)sin@ where

26 1s the scattering angle. All the experiments were carried out under vacuum (~0.01 mbar).

3. RESULTS AND DISCUSSION



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

3.1 Size change during the solvent exchange. Four organic solvents with a range in affinity for
chitosan (methanol, ethanol, isopropanol, n-heptane) were selected based on physical and chemical
restrictions of our processing equipment, and considering their future industrialization potential.
A suitable solvent must be liquid at room temperature, miscible with water or ethanol to enable
the stepwise exchange protocol, miscible with CO, under high pressure, compatible with the
chemical resistivity of the seals in the supercritical dryer, and of limited toxicity. In addition to
previously used methanol (Takeshita 2019b), ethanol and isopropanol were selected as longer
alcohols with lower affinity for chitosan. n-heptane was included as an apolar solvent, because of
its reduced toxicity, lower volatility compared to pentane and hexane, and miscibility with ethanol.
Long-chain alkanes with limited miscibility with ethanol were not considered in the study. In
addition to methanol, ethanol, isopropanol and n-heptane, we carried out preliminary tests with z-
butanol and n-hexane (Fig. S6-S8 and Table S2), but these systems were not investigated fully
because of incompatibilities with our supercritical drying equipment and process. The properties
of typical solvents and the results of the preliminary investigations are summarized in Table S1

and Fig. S3-S5.

In a first step, we established solvent exchange protocols for methanol, ethanol, isopropanol,
and n-heptane without complete collapse or drastic deformation of the gel. Table 1 and Figs. S3—
S5 report on the solvent exchange screening results for both direct exchanges using pure solvents
and stepwise exchanges using water/solvent mixtures. This investigation revealed that a systematic
screening of different solvents via exactly the same protocol is difficult in the present study.
Specifically, soaking the as-prepared hydrogel into pure water or water/methanol mixture expands
and breaks the gel into slimy fractions, presumably because of the osmotic pressure caused by

solute species (Takeshita et al., 2019b). The as-prepared hydrogels contain mostly water as the
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pore fluid, but also some unreacted solute species from the cross-linking reaction. Direct
immersion of the hydrogel into pure ethanol or isopropanol causes rapid shrinkage resulting in
collapse or strong deformation. We, therefore, developed the following routes for further
investigation of the methanol-, ethanol- and isopropanol-exchange: direct exchange with pure
methanol, exchange into water/ethanol mixtures and then into pure ethanol, exchange into
water/isopropanol mixtures and then into isopropanol. For n-heptane, the serial, stepwise exchange
with water/ethanol, ethanol, ethanol/heptane and finally heptane successfully avoids fracturing of
the gels. Note that solvent exchange is a dynamic process and the macroscopic size change is

affected not only by the solvent composition, but also by the exchange history and exchange rate.
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Table 1. Final size of wet gels, aerogels, and aerogel apparent densities prepared via different

solvent exchange routes.

Solvent exchange route VExchanged/ Vinital (%) VAerogel/ Vinitial (%) Aerogel density
(gem™)

Direct exchange with water > 224 + 12, broken N/A

Direct exchange with methanol* 503+ 1.1 4.90 £ 0.05 0.083 = 0.001

Direct exchange with ethanol 42.1 £3.8, deformed 4.47** 0.098**

Direct exchange with isopropanol <14.6 £0.8, broken N/A

Water/methanol — methanol 54.1 + 3.6, broken N/A

Water/ethanol — ethanol 47.1£1.2 3.45+0.07 0.121 £ 0.002
Water/isopropanol — 26.7+0.3 3.65+0.09 0.125 £ 0.003
isopropanol

Water/ethanol — ethanol 72+0.7 6.18 +£0.19 0.067 = 0.001
— ethanol/heptane — heptane

Methanol — methanol/ethanol 45 1** 3.50%* 0.118**

— ethanol

Methanol — methanol/isopropanol ~ 35.7** 5.73%* 0.073**
—isopropanol

Blank (without adding solvent) 97.2 = 1.4 (after 192 h) N/A

*Average of 6 samples and "1 sample, other routes are averages of 3 samples; Vinitiat: volume of
as-prepared hydrogel; Vexchanged: g€l volume after solvent exchange; Vaerogel: volume of aerogel;

N/A: not available.

10
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Fig. 1. Photographs of the gels as a function of solvent exchange time; three gels are shown for

each treatment condition (top), and size change histories (bottom) of wet gels and aerogels

prepared with different solvents.

Fig. 1 summarizes the size change history of wet gels with different solvent exchange
protocols. Methanol- and ethanol-exchanged wet gels display an initial expansion up to ~140—

150% and then subsequent shrinkage back to the ~50% of the initial volume. Isopropanol- and

11
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heptane-exchanged samples converge to ~27% and ~7% of the initial gel volume, respectively.
The initial increase upon immersion in methanol and water/ethanol is most likely related to the
osmotic pressure. Previous studies have suggested that size changes of biopolymer gels are related
to the difference in solubility parameters of polymers and solvents (Tripathi et al., 2018; Gurikov
et al., 2019). In this study, we use the Flory—Huggins interaction parameter, y, which is calculated

from Hansen solubility parameters (Table S1, Hansen, 2007):

_ V{(841—842)?+0.25(8p1—8p2)?+0.25(8h1—6h2)?}
RT

(1

where A1, 1, ohi and da2, d2, S are the Hansen solubility parameters for dispersion, polarity,
and hydrogen bonds of the solvent and solute, respectively, R is the gas constant, 7"is temperature,
and V is the molar volume of the solvent. The y parameters between molecular chitosan and the
solvents in our current work are water (0.85) < methanol (1.15) < ethanol (1.86) < isopropanol
(3.24) < n-heptane (18.1), where a larger value means less affinity. These values roughly explain
the tendency of the final sizes of solvent exchanged wet gels, methanol (~50%) > ethanol (~47%)
> isopropanol (~27%) > n-heptane (~7%). We note that solubility parameters are useful for a
qualitative estimation but have their limitations: 1) chitosan is not in its neat state, but cross-linked
and/or modified by the reaction with formaldehyde; and i1) solubility parameters cannot deal with

ionic species, such as NH3" of chitosan.

3.2 Aerogels size and microstructure. Fig. 1 and Table 1 summarize the final relative sizes and
apparent densities of aerogels after supercritical CO; drying. All the aerogel samples have low to
intermediate apparent densities (< 0.13 g cm ) and translucent, somewhat yellowish appearances,
consistent with previous reports on methanol-exchanged aerogels (Takeshita & Yoda, 2015). The

aerogels display a three-dimensional network of nanofiber-like structures (Fig. 2), but high-

12



212 resolution observation reveals that these fibrous components are comprised of particulate matter
213 (see Fig. S9-S12 for different magnifications). Nitrogen adsorption measurements (Fig. 3 and
214  Table S3) show that the aerogels have type IV mesoporous structures with between 500 and 600
215 m? g ! of surface area and between 2 and 4 cm® g”! of BJH pore volume. The BJH pore volume
216  correlates negatively with apparent density. In particular, heptane-exchanged aerogels exhibit the

217  lowest density (~0.067 g cm>) and the highest pore volume and surface area.

- L2 E P
d WD HV mag spot| HFW | —500 nm
218 E *| 70| 4.0 mm|5.00 kv | 150 000 x| 2.5 [1.99 ym

219  Fig. 2. SEM images of aerogels prepared with different solvent exchange protocols.
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The size change before and after supercritical drying (Fig. 1) leads to the following
observations. For methanol-, ethanol- and isopropanol-exchanged samples, the final aerogel size
is 3—5% of the initial volume, regardless of the solvent, and the most of the shrinkage occurs during
supercritical drying. Exchange into heptane leads to less overall shrinkage, 6% of the initial
volume is retained, and the volume change occurs almost entirely during the solvent exchange,

with only minor shrinkage during subsequent supercritical drying.

3.3 Relation between size and structure formation. Fig. 4 represents the SAXS profiles and the
Kratky plots of wet gels and aerogels as a function of the pore solvents. The SAXS data of the
methanol-, ethanol- and isopropanol-exchanged wet gels (Fig. 4a) display a slope close to —2,
which is indicative of mainly Gaussian chain configurations. These plots resemble that of the as-
prepared hydrogel, which displays a Gaussian-chain-like profile from single polysaccharide chains
without evidence for solid structure formation (Takeshita et al., 2019b). The Kratky plots of these
samples represent plateaus, also consistent with Gaussian chain-like scattering behavior. They can
be fitted with the original Ornstein-Zernike equation (detailed fits are in SI). The correlation length
increases from 4.2 + 0.1 to 6.2 + 0.4 nm with increasing y value, i.e. in the order of methanol,
ethanol, and isopropanol. On the other hand, the heptane-exchanged wet gel (the top plot in Fig.
4a) displays two scattering regimes with slopes of —1.25 at low g (< ~0.5 nm™!) and —3.53 at high
g (>~0.6 nm™"), and share a striking resemblance to the aerogel profiles (Fig. 4b). In addition, the
scattering profile resembles that of nanofibrillated cellulose wet gels (Leppédnen et al., 2010). In
the Kratky plot, a broad bell-shaped peak indicates collapsed chitosan chains. Qualitatively, the
heptane-exchanged gel has a much stronger scattering intensity of X-ray, indicative of the presence

of larger scattering objects. The SAXS curves of the aerogel samples are all quite similar, with two

15



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

different slopes, —1.4 to —1.6 at low ¢ (< ~0.5 nm™ ') and ~ —4 at high ¢ (> ~0.6 nm™!). These types
of SAXS curves are strongly reminiscent to those of mesoporous silica and cellulose aerogels
(Santos et al., 1987; Plappert et al., 2018). The SAXS data verify that, in contrast to the alcohol-
exchanged wet gels, an aerogel-like nanostructure has been formed during the heptane-exchange
wet gel processing step, i.e. prior to supercritical CO; drying. (Fig. 4c). The stage at which the
structure forms for different gels is also reflected in their corresponding volumes: moderate
shrinkage during solvent exchange and high shrinkage during CO» processing for the alcohol
exchanged gels versus high shrinkage during heptane exchange followed by minimal shrinkage

during CO; processing.

In our previous in situ observations of supercritical drying, we demonstrated that large
shrinkage occurs at the initial stage of supercritical drying, i.e. when CO; is introduced to the
autoclave (Takeshita et al., 2019b). We interpreted this observation by considering
supercritical/liquid CO2 as a “solvent”. The solubility parameters of CO> are a function of
temperature and pressure (see Table S1 for details), and the y parameter of CO; at 80 °C and 160
bar is 15.7 (Hansen, 2007). This value is in line with that of n-heptane during solvent exchange (y
= 18.1), but much larger than for methanol (y = 1.15), ethanol (y = 1.86) or isopropanol (y =3.24).
Thus, heptane and CO> have a similar (low) affinity to chitosan. The similarity in solvent—
biopolymer interactions results in the very limited shrinkage during supercritical CO> drying of
heptane-exchanged gels. We note that the actual solvent composition and its state inside the gel
during drying are more complicated because CO, would be closer to liquid state at the beginning

of the CO» introduction step (e.g. liquid CO> at 25 °C and 60 bar has a larger y of 60.5).
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Fig. 4. SAXS profiles and their Kratky plots of a) wet gels (Kratky plots are normalized at the
shoulder), and b) aerogels prepared with different solvent exchange protocols. The data for the
chitosan solution and as-prepared hydrogel data are replotted from our previous study (Takeshita

et al., 2019b). ¢) Schematic representation of structure formation processes of aerogels.
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Based on the SAXS data and size change histories, we conclude that large volumetric changes
are accompanied with aerogel-like nanostructure formation through the interaction of the chitosan
chains with antisolvent leading to physical coagulation. Methanol, ethanol and isopropanol are
also known antisolvents for neat chitosan chains, so one would intuitively expect physical
coagulation and hence structure formation also in these solvents, but this idea can be discarded by
the SAXS data (Fig. 4a) that directly elucidate the molecular level interactions and nanoscale
structures formation. We suggest that the 3D network of formaldehyde-cross-linked chitosan,
and/or the chemical modification of chitosan with formaldehyde kinetically inhibits coagulation.
3.4 Solvent control on shrinkage and structure formation for tailored structures and
processes. The present results demonstrate that the gel/aerogel structure can be formed at any step
from gel making, solvent exchange to supercritical drying. To generalize this idea, we can describe
aerogel production protocols based on three key events: 1) gel formation, ii) solid phase formation
and iii) solvent removal (Fig. 5). For example, silica aerogel preparation via a colloidal route
typically follows the order of i1) — 1) — iii) (Fig. 5a), while the present cases are described as 1)
— ii + iii) for the alcohol-exchanged gels and i) — 1ii) — iii) for the heptane-exchange protocol.
In contrast to alcohol-exchanged systems, the solid phase formation and the solvent removal steps
are clearly separated for the heptane-exchanged system (Fig. 5¢ and 5d). Moreover, the control on
the structural formation/shrinkage leads to a more efficient use of autoclave volume. We have
shown that heptane-exchange induced shrinkage (and structure formation) prior to drying
eliminates CO; induced shrinkage almost entirely, thereby increasing the volumetric yield of the
supercritical drying equipment by a factor of ~7. Another potential benefit would be a toolbox for

designing the fabrication process of biopolymer aerogels for more precise structural control.
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Typical aerogels prepared via physical coagulation of chitosan (Valentin et al., 2007), pectin
(Tkalec et al., 2015) and cellulose from solution (Pircher et al., 2016) have micrometer-sized
structural features and opaque appearances (multiple light scattering). In contrast, formaldehyde-
cross-linked chitosan aerogel, used in this study, has a highly homogeneous microstructure and
only inhomogeneity in nanoscale. Such nanoscale properties lead to a system with high
transparency, and the highest surface area and the lowest thermal conductivity among the
biopolymer aerogels reported to date (Takeshita & Yoda, 2018). During synthesis, the concurrent
appearance of 1) gelation and ii) the solid phase formations occurs in the former systems (Fig. 5b),
but are clearly separated in the latter one. We suggest that this is important to avoid micrometer-
sized phase separation and increases the control on the formation of highly mesoporous transparent

aerogels.

aFrom a sol with pre-existing nanoparticles or nanofibers,
e.g. silica or nanofibrillated “cellulose aerogel

Solid phase
g, formation Gel formation Solvent removal
Starting
solution Aerogel

b Coagulation of dissolved (bio)polymers,
e.g. regenerated cellulose, chitosan
Solid phase formation

Gel formation Solvent removal

¢ Coagulation of cross-linked (bio)polymers in organic solvent,
e.g. chitosan in n-heptane (this study)

Solid phase
Gel formation formation Solvent removal

d Coagulation of cross-linked (bio)polymers in CO,,
e.g. chitosan in alcohols (this study)
Solid phase formation

Gel formation Solvent removal

Fig. 5. Microstructure formation stages of aerogels with different orders of gel formation, solid

phase formation, and solvent removal.
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4. CONCLUSIONS

SAXS investigations revealed that the structure formation step in cross-linked chitosan aerogels is
controlled by the polymer—solvent affinity. For solvents with a relatively good affinity, such as
alcohols, the aerogel structure is not formed at the solvent exchange step, but during subsequent
drying step and interactions with CO.. For a low affinity solvent such as n-heptane, the solvent
exchange itself induces the formation of an aerogel-like structure and a concomitant drastic
shrinkage of the gel. In this respect, the solvent parameters can be used to estimate the interactions
with biopolymer and predict the structure formation in aerogels. Finally, the generalization of the
aerogel production process proposed in this study helps to establish a strategy to precisely control
aerogel structure and to develop processing approaches with high degree of robustness. We
propose that other biopolymer and synthetic polymer systems that display drastic size changes
during solvent exchange or supercritical drying must be revisited from the viewpoint of structure
formation at the nanoscale. This would serve as a key approach to answer long-standing questions

for aerogel researchers, e.g. why transparent biopolymer aerogels are rare.
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Additional experimental details and size change records, solubility parameters, SEM images,

SAXS fitting details can be found online at https://doi.org/ XX XXXXXXX.
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