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Transparent Cellulose Aerogels from Concentrated Salt
Solutions: Synthesis and Characterization

Baldur Schroeter,* Sven Holst, Isabella Jung, Lara Gibowsky, Raman Subrahmanyam,

Pavel Gurikov, and Irina Smirnova

In this work, nanostructured and transparent cellulose aerogels

are synthesized via a purely salt induced approach from non-modified
microcrystalline cellulose type II. The production process requires in contrast
to state of the art methods no pretreatment of cellulose or use of expensive
cellulose-solvents: it consists of hydrogel formation via cross-linking of
cellulose with calcium ions, a solvent exchange and a supercritical drying step.
A systematic multiparameter study reveals that a high level of structural control
is achievable: ratios of macro- to mesoporosity and the size of mesopores

can be tailored by adjustment of the calcium ion content, while keeping a high
overall porosity in the range of 92% — 96 %. The build-up of homogeneous,
fine pore structures results in a significant increase of the specific surface
area as compared to conventional calcium-free aerogels (684 vs. 300 m? g~').
Remarkably, the Ca?*-cross-linking renders aerogels transparent, with Rayleigh
scattering being the dominant scattering mechanism. Additional ion exchange
to Ca* in the hydrogel-state leads to further reduction of the pore size and to
products with optimized optical properties, e.g., light transmission of 91% at
an incidents light wavelength of 800 nm and a substrate thickness of 1.5 mm.

namely high mesopore volumes as well as
overall porosities (up to 99%) which re-
sult in high mass specific surface areas
S, (up to ~1200 m? g=!) and low den-
sities (~ 0.001 - 0.2 g cm™). Combina-
tion of these properties with optical trans-
parency opens up attractive application av-
enues, e.g. as transparent insulators in ad-
vanced glazing units, skylights and energy
saving windows, and is — up to now — mainly
governed by silica aerogels.>* Neverthe-
less, brittleness and fragility caused by sil-
ica aerogel”s nanocolloidal structure lim-
its the commercial applicability.>*! A ris-
ing trend is the use of biopolymer aero-
gels, which show enhanced mechanical
properties, abundant availability of start-
ing materials and superior biocompatibility.
Their properties are rooted in their foam-
like, fibrillar morphologies build-up from
three-dimensionally entangled micro- and

1. Introduction

Due to their outstanding properties, aerogels have been listed as
TUPAC top ten emerging technologies in chemistry 2022.[1 Their
applicability is derived from unique microstructural attributes,
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nanofibers.!®’] These micro- and nanostruc-

tures are often comprised of a wide variety

of pore and building block sizes and thus fail in many cases

to meet the requirements which are necessary to avoid light
scattering.

Minimization of scattering events during light transmit-
tance, thus suppression of Mie scattering and substantial reduc-
tion of Rayleigh scattering are necessary to obtain transparent
nanoporous materials.l®! The dominating scattering mechanism
depends on the ratio of scatter size and wavelength A of the in-
cident light, resulting in Mie scattering for scatter sizes greater
than 4 and Rayleigh scattering if the scatter size is smaller than
~ 1/10 1. Both types of scattering are caused by interaction of
light with the aerogel structure, in particular by interaction of
light with spatial inhomogeneities of the refractive index n, which
occur due to the porous nature of the material.[*1%1!] Transpar-
ent aerogels should therefore contain no micrometer-sized pores
and other structural features like particles, fibers and defects. If
these prerequisites are met, Rayleigh scattering contributes pre-
dominantly to the loss of transparency. Rayleigh scattering inten-
sity shows high dependencies on the scatters diameter (to the
power of six in case of spherical objects) as well as on the wave-
length of the incident light (to the power of 4).1*1% In case of light
within the visible range, Rayleigh scattering becomes negligible
for structures below ~ 50 nm.!")

Synthesis of biopolymer aerogels with sufficient homogene-
ity and structural features solely below 50 nm poses challenges

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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in each step of the production process. For instance, build-up
of 3D pore networks can be started from biopolymer solutions
by crosslinking or coagulation of biopolymer molecule chains
(molecular approach).”! In coagulation of a biopolymer solution
in a non-solvent, the kinetics of phase separation and the inter-
actions between biopolymer and non-solvent play decisive roles.
Structural control is not easy achievable and resulting multiscale
pore networks contain often a significant macropore content.!?!
Alternatively, gelation can also be triggered via covalent or ionic
crosslinking of dissolved cellulose.”] Regardless of the gelation
mechanism, macroscopic phase separation has to be suppressed
during gel formation in order to achieve homogeneous and fine
structures.[1%13] The subsequent removal of liquids from the wet
gels under preservation of the nanostructure is generally achiev-
able by a solvent exchange from water to an organic solvent fol-
lowed by supercritical CO,-drying. A stepwise solvent exchange,
high crosslinking degree and high biopolymer concentration are
found to be useful to mitigate the problem of gel shrinkage dur-
ing these steps, e.g., as reported for Ca?*-crosslinked alginate
aerogels.[1#15]

Considering aforementioned aspects, it is not surprising that
synthesis of transparent biopolymer aerogels remains a major
challenge in the field and is up to now covered only by several
works which are limited to chitosan and cellulose-based materi-
als. A fundamental breakthrough was achieved by Takeshita et al.
in 2015 by preparing flexible, highly porous (up to & 97%), trans-
parent chitosan aerogels with high specific surface areas (up to
545 m? g7') and low thermal conductivity (~ 0.022 W m~' K1)
via covalent crosslinking of chitosan.!'*!#] In comparison to chi-
tosan, crosslinking of cellulose poses additional challenges, since
cellulose contains besides -OH (and reducing ends) no reactive
functional groups.

Overall, there are currently only a limited number of studies
on non-hybrid, transparent cellulose aerogels and, because
cellulose is not easily dissolvable, expensive or caustic solvents
like ionic liquids (e.g. 1-Allyl-3-methyl-imidazoliumchlorid,
AMIMCI) or cold alkali/water mixtures (= -9 °C) have to be
employed in the molecular approach.l”:12:19-26]

In contrast to molecular based approaches, production of
transparent cellulose aerogels is also possible via gelation of dis-
persed cellulose nanofibres (CNFs). While the use of cellulose-
solvents is not required in this approach, grinding and sep-
aration steps are needed to obtain CNFs with desired prop-
erties and several cellulose pre-oxidation steps (e.g. by use of
2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl, TEMPO) are usually
necessary.[?-3% Recently, Abraham et al. successfully synthesized
flexible, hydrophobic and highly transparent (visible light trans-
mission up to 99%) cellulose aerogels with low thermal con-
ductivity (down to ~ 0.016 W m~! K~!) and sufficient thickness
(range of few mm) from TEMPO oxidized CNFs.*%l While this
work paved the way toward transparent cellulose aerogels with
excellent properties, an elaborate oxidation procedure of cellu-
lose fibers had to be carried out, including repetitive grinding and
numerous oxidation/filtration and washing steps. Exceptions in
which oxidation of cellulose CNFs and use of supercritical dry-
ing are not necessary are so far limited to the production of
thin aerogel-films and membranes (thickness < 200 um).l?321 To
avoid the use of non-green solvents in the molecular approach
as well as of oxidants and mechanical cellulose pre-treatment in
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the CNF-route, the use of inorganic molten salt hydrates as cel-
lulose solvent can be considered, since they offer several attrac-
tive characteristics such as simple preparation in aqueous me-
dia, cost-effectiveness as well as recoverability of the salt.2!33]
One example is the use of bivalent zinc-ions (Zn?*), which are
well known for use in cellulose dissolution and fiber production,
with earliest patents going back to the 19th century.?* The use of
ZnCl, - 4 H,O as a solvent for cellulose aerogel production was
lately reported by Schestakow et al. and Rege et al.3*3%] Aero-
gels obtained after coagulation of ZnCl, /H, O/cellulose solutions
(Zn-Cell) in cellulose non-solvents (e.g., acetone, 2-propanol
and water) exhibited fibrillar, meso- to macroporous structures,
which results in opaque appearance.

Lately, state-switchable, transparent cellulose hydrogels were
fabricated via ion exchange between Zn?* and Ca?* from molten
salt hydrates.[’*37] It was found that an increase of the Ca’*-
content in the gel leads to cellulose crosslinking and chain ori-
entation, while Zn?*-ions contribute to an increase in fluidity
and low orientation.[*®] This positive contribution of Ca?*-ions
to structural control is rooted in a high binding energy and high
electron transfer tendency between Ca?*-ions and the entire cel-
lulose chains which enables Ca?* to promote junction zones be-
tween adjacent cellulose chains.[*’-* Consequently, we regard
crosslinking of cellulose via ion exchange of Zn?* to Ca** as a
promising approach toward ultimate structural control in cellu-
lose aerogels and aim to explore the suitability of this purely salt
induced route to prepare Ca**-cross-linked, transparent cellulose
aerogels from non-modified, microcrystalline cellulose type II.

2. Results and Discussion

In this study, the cellulose content c, in the sol (c.; = 3.25-
6.00 wt.%, four levels) and concentrations of calcium ions cg,,,
in the gelation bath (cc,,, 0— 6.5 mol L™, five levels) were var-
ied. The production of hydrogel discs was facilitated by immer-
sion of Zn-Cell solutions in aqueous gelation solutions. While gel
formation occurs immediately upon contact between the sol and
the gelation solutions, different processes may dominate the aris-
ing hydrogels microstructure depending on the process settings
(Figure 1): a) Diffusion of water into the emerging cellulose net-
work, resulting in washing out of Zn?*-ions and re-formation of
hydrogen bonds between adjacent cellulose chains (coagulation);
b) Diffusion of Ca?* into the emerging cellulose network result-
ing in crosslinking due to cellulose-Ca?* interactions (gelation);
c) Furthermore, additional ion exchange between Zn?** and Ca**
is also possible after the primary gel body has been formed.[*®] An
interplay between these processes is depicted in Figure 1 and dis-
cussed in details with regard to textural (section 2.1) and optical
properties (section 2.2).

2.1. Effect of lon Content and Cellulose Concentration on Textural
Properties

Textural changes induced by variation of the process parameters
resulted in aerogel substrates with different optical appearances
(section 2.2) and physical properties (summarized in Table S2,
Supporting Information). At lower calcium ion concentrations
(Ccars = 0 — 2.6 mol L), substrates with low cellulose amount
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Figure 1. Schematic representation of cellulose hydrogel-slab production and cellulose solubilization/crosslinking/coagulation on a molecular level.
After hydrogel formation a direct solvent exchange with ethanol and supercritical drying with CO, leads to the according aerogels.

in the 50l (C 1oy = 3-25 — 4.00 Wt.%) broke down to pieces dur-
ing processing, while intact discs were obtainable using higher
amounts of cellulose (¢ pgn = 5.00 - 6.00 wt.%). Self-supporting
substrates were generally obtained in the higher calcium ion con-
centration range (Cc,y, = 3.9 mol L) at all cellulose concentra-
tions. Envelope densities (p, ~ 0.1-0.2 g cm~3) were in the same
range as reported in previous works on Zn-cell based aerogels co-
agulated in different cellulose non-solvents (water, ethanol, iso-
propanol) and similar range of c;.[**3°] Overall porosities (¢ =
92% — 96%) as estimated for all self-supporting samples showed
as expected a slight dependence on ¢, because an increase of
the solid fraction resulted in an increase of p. and therefore in
a decrease of e (Figure S5, Supporting Information). Skeletal
densities were not significantly affected by process conditions
(Ps, average = 2-25 + 0.26 g cm™’). It is notable, that almost no vol-
umetric shrinkage took place during solvent exchange (AV,, <
6%), while in case of cc,,, > 3.9 mol L~! even slight swelling was
observed (Figure S6, Supporting Information). Shrinkage after
the supercritical CO,-drying AV, ,, was in the typical range re-
ported for aerogels coagulated from cellulose II with comparable
solid content (AV,,,,, = 23% - 51%).1'"%] In our case, AV, was
only slightly influenced by c..; and showed a clear dependence
on the amount of calcium ions used for crosslinking, as is partic-
ularly illustrated by the trend of AV, in the range of c.,,, = 3.9
- 6.5 mol L (Figure S6, Supporting Information): an increase
of c¢,,, results in a mitigation of shrinkage at high calcium ion
concentrations, pointing to a positive contribution of multivalent
crosslinking to the gels ability to withstand the supercritical dry-
ing step.

Overall, a wide range of different microstructures is accessible
by variation of ¢ and c,,, : associated changes of the mass spe-

cific surface area S,,, the mesopore volume V, .., and the mean
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mesopore diameter d,; . ,e,, Were estimated based on the results
of nitrogen physisorption measurements. Since the assessable
range of pore sizes in nitrogen physisorption is limited to meso-
pores (pore diameter d .. = 2-50 nm) and biopolymer aerogels
may contain also larger macropores (d,,, > 50 nm), it is impor-
tant to note that only part of the overall porosity can be assessed by

BET and BJH methods.[*”! Assuming no contribution of microp-

ores (d,e <2 nm), the macropore volume V.., was estimated

via:

Vmacro - = Vmeso ( )
Pe

Influence of c¢,,, on the textural properties, both specific sur-
face area and the mesopore volume, of resulting aerogels is given
in Figure 2a. In comparison to gels obtained via coagulation in
Ca’*-free water (S, ~ 300 m? g~1), crosslinking of Zn-cell sol with
Ca’" leads to an increase of S, up to ~ 650 m? g~!. Overall, S,
follows an exponential relation (R? 0.998) in dependence of ¢, :

S,, = 2483 +24.6 - el0416a) 2)

Plausible reasons for the increase in the specific surface are:
a) the formation of new mesoporous voids via Ca**~crosslinking;
b) further Ca’*-induced changes on a nanoscale level, e.g., due to
changes of nanofribril diameters or agglomeration which might
affect the mesopore sizes (and consequently also the BET sur-
face area). In this picture, option a) leads to an increase of the
specific surface area and mesopore volume, while for option D)
an increase of the mesopore volume is not necessarily expected.
The observation that V., is constant in certain ranges (Cc,,, &

meso

0.0 — 2.6 and 5.2 — 6.5 mol L7!) indicates indeed that different
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Figure 2. a) Specific surface area S, and pore volume V,, .., of cellulose aerogels in dependence of cc,,, . The straight blue line corresponds to expo-
nential fitting, hatched area represents the 95% confidence interval. The black line is drawn to guide the eye. b) porosity ¢ and ratio Vi ,cr0! Vineso ©f
cellulose aerogels in dependence of cc,,, . All values in figures a) and b) are averaged across all different cellulose concentrations (n = 4). Error bars
correspond to the standard deviation around the mean values. c) Selected BJH isotherms obtained at cc,,, = 0 and 6.5 mol L™ d) Normalized pore
size distributions at different levels of cc,,, and at constant c¢ (5.00 wt.%). Lines are drawn to guide the eye. e) SEM pictures of corresponding aerogel

microstructures. Concentration values refer to cc, .

effects are responsible for the buildup of specific surface area as
Ccay, iNcreases. Since we can consider the porosity to be largely
constant in the entire range of ¢, , an increase of V,, is always

meso
associated with a loss of V : hence we can state that increas-

macro*
ing cc,,, does not lead to creation of new porous space, but to the
formation of smaller pores instead of larger ones as reflected by
the ratio of V,,..: Vineso (Figure 2Db).

Following this general description, we can qualitatively clas-
sify aerogels obtained in this work into three categories: mainly
macroporous systems obtained in the low range of c,,, (pore
structure I), predominantly mesoporous systems in the high
range of c¢,,, (pore structure II) and a transition state at c,,,

~ 3.9 mol L™! (Figure 2a,b).
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A more detailed description is provided from the estimation of
pore size distributions via BJH method and from SEM imaging.
In the following we address first changes related to the different
Ca’*-concentrations in the gelation bath at all cellulose contents
in the sol (general trends), and discuss the influence of overall
metal ion content in the aerogels regarding c.; subsequently.

In absence and in the low concentration range of Ca** (c¢,,,
< 2.6 mol L"), the pore structure is primarily being formed via
non-solvent induced cellulose coagulation (V,,., = constant,
pore structure I). The hysteresis loops observed in physisorption
isotherms exhibit an H3-type pattern, indicating the presence
of macropores that are not entirely filled with pore condensate
(Figure 2c).*!l Gels coagulated in pure water show relatively
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broad mesopore size distributions (Figure 2d; Figure S7, Sup-
porting Information) and continuous macro- to mesoporous
fibrous cellulose networks (as being typically observed in non-
solvent coagulated and Zn-Cell based cellulose aerogels) are
visible in SEM pictures (Figure 2e; Figures S8-S10, Supporting
Information).'23*3542] Increasing cc,,, to 2.6 mol L™! seems
then to result in an agglomeration of primary fibers (Figure 2e;
Figures S8-S10, Supporting Information). The BET/BJH data
suggests that some of the larger mesopores shrink during this
process, as reflected in: a narrowing of pore size distributions
(Figure 2d; Figure S7, Supporting Information), a shift of
the mean pore diameter to lower values and associated slight
increase of S, (Figure 2a).

In the range of c¢,,,~3.9 mol L7, the calcium ion concentra-
tion is sufficient to interconnect spatially distant cellulose fibers
(transition state). This is reflected in formation of mesoporous
and fibrous clusters with higher cellulose (fiber) density as be-
ing visible in SEM pictures, whereas the relocation of cellulose
in the system generates also larger (~ 1 um) macroporous voids
(Figure 2e; Figures S8-S10, Supporting Information). BET/BJH
analysis shows that additional cross-linking leads to a signifi-
cant increase of the mesopore volume while no uniform trend
can be observed in pore size distributions (Figure 2d; Figure S7,
Supporting Information). Summarized, the transition state rep-
resents a high degree of spatial inhomogeneity with respect to
the cellulose density distribution in the systems; textural prop-
erties of the aerogels obtained in the transition state are highly
dependent on the individual ratio of ¢ to ¢,

At high concentrations of ¢y, (Ccppy = 5.2 — 6.5 mol L71), the
pore network formation is dominated by Ca**-cross-linking, re-
sulting in mainly mesoporous systems (pore structure II) with a
significantly increased mesopore volume, which is accompanied
by narrowing of pore size distribution, decrease of pore size and
change of optical appearance (see section 2.2). A further shift of
mesopores to smaller sizes and an increase of V, ., may con-
tribute to the significant increase of specific surface area up to a
maximum of S, = 655 m? g~! when increasing c,,, from 5.2
to 6.5 mol L~'. Comparing physisorption isotherms for the pore
structures [ and I1, it is remarkable that the hysteresis loop for the
pore structure IT resembles H1 type (Figure 2c; Figure S3, Sup-
porting Information).*!] This type is typical for materials which
exhibit a narrow range of uniform mesopores and has so far been
found for e.g. controlled pore glasses or templated silicas, but not
for cellulose aerogels.l*!) Homogenous morphologies containing
uniform and small mesopores < 20 nm are indeed visible in SEM
pictures (Figure 2e; Figures S8-S10, Supporting Information),
whereas mesopores are distributed in oriented cellulose layers.
Analogous layers have been observed in hydrogels produced at
a comparable concentration of Ca’* (cc,,, = 5.8 mol L), indi-
cating that crosslinking the Zn-Cell sol with Ca?* results in the
alignment of cellulose chains and the formation of anisotropic
structures.3®! In our case, similar structures are still present af-
ter solvent exchange and supercritical drying steps.

While results presented above demonstrate the possibilities to
manipulate the microstructures of Zn-Cell derived aerogels to a
large extend by variation of c,,, , relations between the calcium
ion concentration in the gelation bath and textural properties pro-
vide only insights from a processing point of view. A deeper un-
derstanding about the influence of different ions and c; on tex-
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tural properties is achievable by relating the amount of remain-
ing ions in the final aerogels (expressed as weight content in the
aerogels, wy,, ). Both, wg,,, and w,,,, increase with increasing
Ccay. (Figure 3a, Table S2, Supporting Information), showing that
no complete ion exchange from Zn?* to Ca?* was achieved in the
production process.

Moreover, a significant amount of ions stays coordinated in-
side the cellulose matrix during the solvent exchange step, which
is consistent with former reports about ethanol not being able to
remove coordinated Zn?*-ions from cellulose matrices.***”] The
total ion content in the final aerogels as well as ratios between the
weight contents of Ca?* to Zn?* at a given c,,, in the gelation
solution are also related to c;: aerogels derived at lower cellu-
lose concentrations (Cqj o = 3.25 —4.00 wt.%) contain Zn** and
Ca** ions in approximately equal mass proportions, and the use
of higher cellulose concentrations (Cepign = 5-00 — 6.00 wt.%)
leads to calcium-enriched aerogels (see Figure 3a, Table S2, Sup-
porting Information). Furthermore, the use of higher cellulose
concentrations results in gels with a lower overall ion content
(Awyg,, =—2.3 + 1.0 wt.% on average).

Due to production procedure used in this study (high amount
of salts and absence of washing steps besides solvent exchange),
itis interesting to elucidate, if residual salt crystals remain inside
the samples, or if the entire value of w,,, is incorporated into
the cellulose chains contributing to the formation of the network.
Indication can be provided by the use of the corrected envelope
density without shrinkage p, .,

AV
Pe, corr = Pe <1 - %) (3)

with V, being the volume of the initial hydrogel and AV,
the volumetric shrinkage from hydro- to aerogel.3*#] In case
of residues-free cellulose aerogels, the corrected envelope den-
sity is linearly correlated to c.; and shows an intercept value
of zero.3**] If metal ions are coordinated between cellulose
molecule chains and are therefore part of the pore walls, the total
solid content (s,,,,;) concentration has to be used:

Wz
Stotal = Ceell T ( 100+) (4)

In our case, linear correlation between p, ., and s, shows
no remaining offset (intercept value = - 3.3-10%+1.3-102 g cm?,
Figure 3b), which implies that the complete ion content in the
gels is part of the pore network and that the systems contain
no salt crystals/residuals. This result is supported by SEM im-
ages, where no salt crystals were identified throughout all sam-
ples (Figure 2¢; Figures S8-S10, Supporting Information). While
these findings do not provide the exact binding status of calcium-
ions, they are consistent with former studies on according hydro-
gels, and Ca**-ions should be coordinated by cellulose hydroxyl
groups in-between cellulose molecule chains (as verified by DFT
calculations in cited works).[*®3°1 Based on the finding that all
ions are molecularly dispersed, it is now possible to describe the
influence of calcium ion content in aerogels on textural proper-
ties quantitatively.

Depending on ¢, different mass fractions w,,, are required
to affect the microstructure. At higher cellulose concentrations,

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Weight content (wy,,) of Ca?* and Zn2* as a function of calcium ion concentration in the gelation bath (cc,,.). Error bars correspond to
the standard deviation of double determinations. b) envelope density of aerogels and total solid content plotted vs. corrected cellulose concentrations.
Error bars correspond to standard deviation, straight lines to linear fitting. Hatched areas represent the 95% confidence interval.

a comparably less amount of Ca’?" ions is required to create
new mesopore volume and to decrease the macropore volume
(Figure 4a,b). It is interesting to note that V,, reaches simi-
lar values at different cellulose concentrations, while V. is
generally lower at .y, especially in the low range of we,,,
where the network formation is mainly driven by non-solvent in-
duced coagulation. This result is consistent with SEM pictures,
which show larger macropores at c ., a5 compared to aero-
gels obtained at ¢ 1,;, (Figures S8 and S9, Supporting Infor-
mation). The mean mesopore diameter is affected in a similar
manner: lower mean pore diameters are obtained at ¢ ¢ i, and
less calcium ions regarding cellulose are required to reduce the
mesopore size (Figure 4c). At ¢y ),,, and in the range of wc,,, >
3 wt.%, an increase of the calcium ion content leads not to a fur-
ther decrease of de yean, indicating that the system runs into
a lower limit of d ;e ypean & 24 M. In contrast, a linear decrease
of the mean pore diameter in dependence of entrapped calcium
ions down to a minimum of d,e yesn = 15.3 0.6 nm is ob-
tained at cqpign (Figure 4c). If the overall picture presented in
Figure 4a—c) is considered, it seems reasonable to assume that
each cross-linking-event with calcium ions is more likely to re-
sult in the formation of new mesopore volume if the solid con-
tent is higher, resulting therefore in generally denser connected
gels with smaller mesopores.

Since textural properties are not independently adjustable and
show a complex dependence on ion as well as cellulose con-
tent, multiple non-linear regression analysis was used as tool
to describe changes covered in the parameter study in a quan-
titative manner (Table 1, for analysis of variances see Table S3,
for parameter plots we refer to Figure S11, Supporting Infor-
mation). Resulting interpolative equations can be used to adjust
the microstructure of Zn-Cell based aerogels in a wide range
by simple variation of the process parameters cg,,, and c.y
and allows estimation of the Ca?* amount being necessary to
create new mesoporous voids. This is especially useful to tune
and optimize the aerogels properties for various different ap-
plications which might not necessarily be connected to trans-
parency, e.g. as adsorbents, in controlled loading and release or
use as soft-template for the production of mesoporous carbon
matrices.

Adv. Funct. Mater. 2024, 2407547 2407547 (6 0‘F15)

Although the models in Table 1 are accurate when used for
interpolation, an extrapolation to even higher Ca?*-ions con-
tents give an indication that the pore morphology can be fur-
ther shifted toward smaller pore sizes. Given that all systems
included in the parameter study contained a significant amount
of Zn**-ions, an additional immersion of hydrogels into a fresh
Ca®* solution may lead to a further substitution of Zn?*. Addi-
tional ion exchange was therefore carried out by immersing hy-
drogels (c.q = 5 wt.%) formed at c¢,,, = 6.5 mol L' two ad-
ditional times in an aqueous calcium chloride solution of the
same concentration prior to further processing. The resulting
aerogels contained an increased Ca’*-content (wc,,, = 10.1 +
0.3 wt.%), while almost all Zn**-ions were driven out of the
system (W,,, < 0.3 £ 0.1 wt.%). A shift of the mesopore size
distribution shows, that additional Ca?*-crosslinking leads to
smaller mesopores (d e mean = 9-4 nm, Figure 4d). Pores of ac-
cording size being formed by tightly entangled nanofibers are
also visible in high-resolution SEM pictures (Figure 4e). Im-
ages of lower magnification show the homogeneity of the sam-
ple and absence of larger pores (Figure 4e). Results of the BET
method show a low BET C-Constant (C = 8.4) and poor cor-
relation of the BET-plot (Figure S2¢, Supporting Information),
which may be indicative for the presence of micropores, since
the BET-concept is inadequate in mixed meso- to microporous
systems.[*'#] The commonly employed methods for evaluation
of microporosity in presence of mesopores, including the t-plot,
Dubinin-Radushkevic (DR), Dubinin-Astakov and techniques
rooted in statistical mechanics (density functional theory) each
present unique limitations and assumptions, which depend on
the nature of the absorbent surface, the ratio of meso- to micro-
pores as well as on the pores geometry.[*1*46] Since biopolymer
aerogels show commonly macro- to mesoporous pore structures
without significant micropores contribution, there are no estab-
lished standard methods to evaluate the transition to microp-
orous biopolymer aerogels: studies on N,-physisorption of meso-
to microporous systems have so far been focused on other mate-
rials (e.g. carbonaceous or silica based). These results are not nec-
essarily transferable to highly polar biopolymer-systems. Yet, in
our case, the DR-method shows an appropriate linear correlation
(R? 0.999, inset of Figure 4d) if applied to the same p/p, range

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Specific pore volume (mesopores), b) macropore volume and c) mean pore diameter (mesopores) for cellulose aerogels, all plotted vs.
calcium ion content in aerogels. Error bars correspond to the standard deviation of averaged values at cce|| o and Ceejjy high (1 = 2). The straight line
gives a linear fit (R? 0.985), the hatched area represents the 95% confidence interval. d) Mesopore size distribution of cellulose aerogels obtained at
Ceell,high @nd Ccay = 6.5 mol L~" in comparison to the mesopore size distribution obtained after additional ion exchange from Zn?* to Ca?*. Lines are
drawn to guide the eye. The inset shows the Dubinin-Radushkevic plot. €) SEM pictures of aerogel pore structures obtained after additional ion exchange
from Zn?* to Ca?*; different magnifications.
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Table 1. Predictive equations for calculation of microstructural properties derived from regression analysis. Graphical representations are denoted in

Figure S12 (Supporting Information).

Property Interpolative equation R? - odel R? gjusted R predicted Std. error? +
Vineso [cm® g71] Vieso = 1.50=0.18 - oy + 1.71+ ¢, 2 0.852 0.833 0.783 0.57
Viacro [cm® g71] Vimacro = 9-30 = 0.68 - ¢y + 3.54 - Cepoy — 155+ Ceapp * Ceany — 0.922 0.886 0.843 42.6
0.02 - Cee2 = 0.1 €y 2 + 017 - c? * Coany
S [m? g7] S =—221+ 191+ cg + 15.4-Cpy —6.77 - Ceg * Ceazy — 16.9 - 0.923 0.896 0.861 0.6
Ceen? +10.3 - 0,2
doore,mean [NM] (Vporemean) ! =745 1072 + 136 - 1077 - c g + 1.46 - 1077 0.822 0.800 0.759 5.3

" Ccaz+

? Standard error of predictions based on the according interpolative equations. Errors have the unit of the predicted property.

(p/po = 0.026 — 0.27) as the BET-plot. This could be attributed
to the higher versatility of the DR-method, which accounts not
only to the external surface adsorption but for adsorption occur-
ring within micropores as well.”] While the estimated results
(Sm,pr = 684 m” g™!, micropore volume V.., pr = 0.24 cm® g™')
support the presence of a mixed micro-/mesoporous system and
of a significant specific surface area, we emphasize that the ap-
plied analytics covers only part of the picture: the overall specific
surface area provided by meso- and micropores might be signif-
icantly higher than detected.

In summary, additional ion exchange of hydrogels from Zn?*
to Ca?* offers a straightforward way to refine the microstructure
of cellulose aerogels even further. Such tuneability and accessible
properties goes beyond the state of the art as well as compared to
alternative production routes using different solvents or cellulose
regeneration methods.[12:343542]

2.2. Analysis of Light Transmittance

Different textural properties described in section 2.1 result
in changes of optical appearance of hydrogels and aerogels
(Figures 5, S13). Predominantly mesoporous structures of gels

obtained at cg,, = 5.2-6.5 mol L7! (pore structure II) and
Ceel = 3.25-5.00 wt.% allow light to pass through both hydro-
and aerogels. Aerogel discs with homogeneous appearance were
only obtained at the highest calcium ion concentration (c,,,
= 6.5 mol L), while those produced at cc,,, = 5.2 mol L™
contained inhomogeneities in some cases. Aerogels produced at
the highest solid content (c.;; = 6.00 wt.%) deviate from this
general trend by showing opaque (g, = 5.2 mol L7}, d >
1.5 mm) or slight inhomogeneous (c,,, = 6.5 mol L™!) appear-
ances (Figure S13, Supporting Information).

UV-vis transmission spectra of cellulose aerogels (Figure 6a;
Figure S4, Supporting Information) reveal a strong relation be-
tween A and the total transmission, whereas generally higher
transmissions are being obtained for substrates produced at cc,,,
= 6.5 mol L™! as compared to cc,,, = 5.2 mol L~1. A similar trend
is detected for the UV-cutoff wavelength (4 at T < 0.1%), which
is shifted accordingly from the range of & 305 — 405 nm (c,,,
= 5.2 mol L") to lower wavelengths of 225 — 305 nm (c¢,,, =
6.5 mol L) in dependence of c¢,,, . Since the transparent sam-
ples exhibit low densities and nearly identical material compo-
sition (see Figure 3a, variation in calcium ion content among
transparent samples is at most + 1 wt.%), we suggest that the

Cca2+ 0.0 mol L1 2.6 mol L1 3.9 mol L! 5.2 mol L 6.5 mol L
e
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Figure 5. Images of hydrogels and aerogels (d = 1.5 mm) obtained at c.o = 5 wt.% at different concentrations of calcium ions in the gelation bath.
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Figure 6. a) UV-vis transmission spectra obtained at different levels of c,,, and c | at a constant substrate thickness of d = 0.8 mm. Highlighted areas
correspond to the standard deviation of the average value (n = 3). b,c) Correlation coefficients R? Rayleigh and R? e in dependence of substrate thickness
at different values of c¢,,, (according fits are represented in Figures S14 and S15, Supporting Information). d) Transmission at a wavelength of 800 nm
in dependence of c¢,,, and d. Values are averaged across different levels of ¢, error bars correspond to the standard deviation of the average.

differences in transmission are primarily rooted in scattering
effects caused by the interaction of light with the aerogel mi-
crostructure, while differences in absorption behavior of the solid
matrix should be negligible.*®! In case of scatterers dimensions
being similar to the incident lights wavelength, the Mie’s theory
describes the dependence of the scattering coefficient and trans-
mitted light intensity. In this case, the scattering intensity varies
with the first power of the inverse wavelength (Mie-scattering),
as has e.g. been shown for porous silicons and transparent poly-
isocyanurate — polyurethane aerogels.*! In case of negligible ab-
sorption, smaller scatter sizes (~1/10 of 1) and little multiple scat-
tering, the transmission behavior of aerogels can be described via
Rayleigh scattering theory:

Bd
7

T=A-el#) (5)

with T being the transmission, A being a constant related to sur-
face defects, B being the wavelength dependency coefficient and
d the substrates thickness.[**% According to the relations de-
scribed above, fundamental insights about the dominant scatter-
ing mechanism can be elucidated from the shape of the transmis-
sion curves by linear fitting of d/A* and d/ A vs. -In(T) (Figures S14
and S15, Supporting Information). Hereby, comparison of re-
spective correlation coefficients (R?g,yeign and R%y;,.) provides an
indication about the dominating scattering mechanism.[*’! For
substrates produced at c¢,,, = 5.2 mol L™, a clear assignment of
the dominant scattering mechanism was not always possible for
large thicknesses (Figure 6D). In all other cases, the wavelength-

Adv. Funct. Mater. 2024, 2407547 2407547 (9 of 15)

dependency of transmission can accurately be described by d/A*
vs. —In(T) (R?g,eign > 0.98, Figure 6b,c), showing that mainly
Rayleigh scattering occurs.

In order to quantify the impact of the substrate thickness d on
light transmission across different levels of cc,,,, transmission
values were compared at a constant wavelength of 4 = 800 nm
(Tgg0)- General trends in dependence of ¢, and d are displayed
in Figure 6d), wherein each individual data point represents a
mean value throughout all levels of c ;. For substrates produced
at ¢y, = 5.2 mol L7, the total transmission covers a wide range
(Tso0 = 3%—76%) with a significant reduction as the substrate
thickness increases. This trend is significantly less pronounced if
a higher concentration of calcium ions in the regeneration bath
is used (Cgyy, = 6.5 mol L71), and transmission values of up to
Tggo = 76% can still be achieved at max. d = 2.3 mm. We suggest
that these results are partly rooted in the production procedure,
whereas the upper part of the Zn-Cell sol is initially subjected to
a high concentration of Ca’*-ions, while the bottom one is not.
Phase separation between Zn?*- rich molten salt hydrate and wa-
ter can be assumed to occur generally quickly due to the high con-
centration gradients (leading to a high driving force) and low vis-
cosity of the gelation solution.!??] Since Ca?*-ions are consumed
during their diffusion through the gel matrix, a Ca’*-gradient is
formed in the gel, resulting in water-rich and Ca®*-lean zones.
Consequently, a non-homogeneous gel body is formed, which
contributes to Mie-scattering as confirmed by scattering analysis
of the thicker discs (Figure 6b,c). This assumption agrees with
former works, where a slow, reversible reordering of cellulose
chains in the center of Zn-Cell hydrogel monoliths during the ion
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Figure 7. a) Optical density in dependence of c at different levels of cc,,, . Values are averaged across all tested substrate thicknesses d, error bars
correspond to the standard deviation (n = 5). Lines are drawn to guide the eye. b) Optical density in dependence of the specific surface area. Values
are averaged for all tested substrate thicknesses d, y-error bars correspond to the standard deviation of the averaged values (n = 5). The x-error bars
correspond to the standard error of the BET-method. Lines represent linear fits, highlighted areas the 95% confidence interval. c) Contour plot of the
optical density in dependence of S, and V.. Inset number represent the values of ODgqyy. d) UV-vis transmission spectra of cellulose aerogels

obtained at Ccj g

p and cc,oy = 6.5 mol L=1 and d = 1.5 mm in comparison to transmission spectra obtained after additional ion exchange from Zn2*

to Ca?* (sample shown in inset). Highlighted areas correspond to the standard deviation of the average value (n = 3).

exchange from Zn?* to Ca?* (and vice versa) was experimentally
visualized over the course of several hours.[*®! The influence of
process parameters and microstructural properties on light trans-
mission for substrates with different thickness can be assessed by
comparing the apparent optical density per mm substrate thick-
ness (OD). Hereby, relationships were analyzed at two different
wavelengths of the incident light, A = 400 nm (OD,,,) and A =
800 nm (ODgy).

Trends of ODy, and OD,, follow generally the same course
in dependence of process parameters, the latter showing in av-
erage six times higher values (Figure 7a). Low values of ODy, <
0.1 mm~! are only achieved at max. c,,, = 6.5 mol L1, and gels
produced at c; = 5 wt.% show a minimum of the OD. While the
presented data is important from an application point of view, it
is also of interest to elucidate how aerogels microstructural prop-
erties are connected to the OD. Owing the complex nature and

Adv. Funct. Mater. 2024, 2407547 2407547 (10 of 15)

diversity of different aerogel pore networks, such relations are
expected to depend individually on specific materials and type of
building blocks being responsible for light scattering. As a re-
sult, various textural parameters have been documented as being
linked to the scattering properties of aerogels in the past, such
as the nanoparticle size (in case of colloidal systems),[>*] pore
size, >3] envelope density!>'°l and specific surface area.l>! Since
the mean mesopore diameters of transparent substrates in this
work are rather small (d,,..,, < 24 nm) and below the range where
pores could significantly contribute to light scattering, no rela-
tion between d,.,, and the OD was found. Nevertheless, most
substrates contained also pores which exceed the d,,,, as evi-
denced by the results from BJH and SEM analysis (Figure 2d,e;
Figures S7-S10, Supporting Information). Such larger structural
features — even if small in number — should contribute dispropor-
tionately high to light attenuation, since the scatterers diameter is

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

1|uo//sdny) SUoRIPUOD pue Swe | 3 385 *[1202/80/62] U0 A%1q1TaulUO A3]IM * SPUI0!GIGSIS BAIUN BINGWEH T2ISBAIUN 3YISIUYD L - BIR0IIS INped AQ L¥S/0v202 WiPe/z00T OT/I0p/w0d K| M Areiq 1 ul|uo//Sdny Wwouy papeojumod ‘0 ‘820e9TIT

SIS

35U9D1 SUOWILLOD A0 3|qedljdde au Aq pausenob ale sapiLe YO ‘8sn Jo sa|ni 1oy Aiqiauljuo A|Im uo


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

related by the power of six to the scattering intensity in Rayleigh
scattering.[*’] Interestingly, the specific surface area shows a lin-
ear relation with the OD in the range of pronounced changes
(Figure 7b). However, interpretations about the influence of in-
dividual structural parameters are not possible, since the specific
surface area might be influenced by a variety of microstructural
changes (like e.g. presence of larger mesopores, small macrop-
ores and variation of cellulose fiber thickness) which are not in-
dependently adjustable. A refined description is provided via re-
gression analysis (Figure 7c, for ANOVA see Table S4, Figure S16,
Supporting Information), which allows estimation of the ODy,
(standard deviation + 0.025 mm™') by taking also the influence
of the mesopore volume into account, Equation (6).

ODgpo[mm™']=1.23 - -4.7-107* .S, —-0.35-V

meso

4+3.6-1072 -V, .o” (6)

In order to minimize possible influences of mass-transport
during gelation, only results from thin substrates (d = 0.8 —
1.2 mm) were included in the analysis. The relation between
BET/BJH and UV-vis data described via Equation 6 is consis-
tent with the minimum of the OD detected at c.; = 5.00 wt.%
(Figure 7a). We surmise, that both quantities S, and V, .., are
good measures for the fineness of the pore network: e.g. an in-
crease in V, ., is accompanied be the loss of macropores (see
Figure 2b) and therefore of larger building blocks, resulting in
mitigation of scattering. Notably, Equation 6 is only valid for
mainly mesoporous systems (pore structure II) which were in-
cluded in the parameter study and contain both Ca** and Zn**
ions.

Taking mass transport and homogeneity of the systems into
account, it is reasonable to assume that an additional ion ex-
change from Zn>* to Ca?* after the hydrogelation step should
result in further enhancement of light transmission. The accord-
ing substrates show indeed significantly improved optical prop-
erties as reflected by an increase of Tgy, = 75% to Ty, = 91%
(d = 1.5 mm) and higher transmission in the range of 1 = 320 —
800 nm (Figure 7d). Since the pore structure is composed of even
smaller building blocks after complete ion exchange to Ca?*, re-
sulting substrates show the by far highest transmission, which
converts to low values of OD,y, = 0.25 and ODgy, = 0.03 mm™!.

2.2.1. Thermal and Mechanical Properties

Additional application-relevant properties of cellulose aerogels
like mechanical toughness and thermal conductivity were eval-
uated for selected samples. The thermal conductivity k¥ was as-
sessed at 10 °C for the sample with the highest mesopore vol-
ume (see Figure 1a,b) and best optical properties in the parameter
study (C.qy = 5 Wt.%, Ccypy = 6.5 mol L71), using a FOX 200 heat
flow meter according to ASTM C518 and ISO 8301 standards.
The thermal conductivity (x = 0.047 W m~! K1) is rather high
as compared to other cellulose and other bio-aerogels with most
reported values in the range of ~ 0.016 — 0.030 W m~! K~1,04
however to the best of our knowledge this is the first reported
thermal conductivity value of the cellulose aerogel prepared via
extensive Ca?*-cross-linking.['?] One possible reason for the com-
paratively high thermal conductivity might be the inclusion of
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significant amounts of metal ions in the aerogel matrix. Yet our
results clearly show that reducing the ion content is not possi-
ble without compromising the optical properties. We would also
like to emphasize that the current cellulose aerogel formulation
is highly hydrophilic and in its present form would need a hy-
drophobization step before being suitable in any thermal insula-
tion application of aerogels such as window glazing among oth-
ers. In mechanical testing via uniaxial compression tests (c.; =
5.0 wt.%), samples exhibited elastic-plastic deformation behavior
without any fracture occurrence in the investigated range up to a
compressive strain of 80% (Figure S17, Supporting Information).
The applied force led to irreversible deformation, and no recov-
ery of the aerogel shape was observed after compression. Typi-
cal stress-strain curves as reported for porous materials present
generally three phases (1. linear elastic range 2. plateau, regime
of pore collapse, 3. densification) all of which are also commonly
observed in compression of cellulose aerogels.[1222:2427-2955] In
our case, these phases were only observed for the sample pro-
duced at the highest calcium ion content (cc,,, = 6.5 mol L™).
The Young’s modulus E was determined accordingly in the lin-
ear elastic range via regression. As compared to mechanical weak
samples coagulated in pure water (E = 0.1 MPa) an increase of
Ceapy t05.2mol L1 (E=7.8 MPa) and 6.5 mol L~! (E =22.7 MPa)
resulted in a remarkable improvement of the gels mechanical sta-
bility. While aerogels Young”s moduli are generally expected to
scale with the density in form of a power law (E & p.» with n
being related to the choice of material)l®®) our findings for differ-
ent samples of the same density and different Ca**-content (see
Table S2, Supporting Information) show, that the increase of Ca**
leads to changes of the bulk materials strength. These changes
and the loss of large pores at high cc,,, are most likely the de-
cisive factors for the increase of E at constant p, in our case. In
case of high Ca?*-cross-linking, Young " s moduli obtained in this
work fit well within the range of other Zn-Cell-derived cellulose
aerogels and exceed e.g. the values reported for cellulose aero-
gels from calcium thiocyanate based molten salt hydrates (E ~ 2
—10 MPa) and the typical range of silica aerogels with comparable
density (E ~ 1 — 3 MPa).l123435:56] Given the distinct advantages,
disadvantages and limitations of different production routes it is
interesting to compare the materials produced in this study based
on application-relevant properties (such as maximum thickness,
specific surface area, thermal conductivity, and light transmit-
tance) as well as production process-related criteria (use of ox-
idants, pretreatment methods, and cellulose solvents) with the
current representative research in the field (Table 2). Hereby only
“pure” cellulose aerogels are considered, and hybrid materials
such as cellulose/silica mixtures or nanoparticle containing ma-
terials are not considered.

In order to make light transmittance comparable across dif-
ferent studies, the ODg,, was estimated from reported trans-
mittance and thickness values. Fundamentally, we can distin-
guish between molecular, and CNF based production routes. In
the CNF approach, chemical cellulose modification and super-
critical drying are required in order to achieve a combination
of favorable properties (low optical density, high specific sur-
face area, sufficient thickness of products and thermal conduc-
tivity below that of air). The generally lower thermal conductiv-
ities of aerogels obtained by the CNF-route might be rooted in
the limited heat transfer via the thin CNF-backbone. While high
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Table 2. Summary of representative research on transparent, non-hybrid cellulose aerogels and selected properties and production approaches. If avail-
able, the maximum values of S, and d obtained in respective studies are provided; for k and ODygq, the minimum values are presented.

Approach Chemical pre-treatment Cellulose solvent D [mm] ODggo S [m? g™ K Refs.
[mm™1] [Wm™ K]

molecular none ZnCl,/H,0 23 0.03 684 0.047 this
work

molecular none AMIMCI 4.0 0.05 227 0.033 [22]

molecular none AMIMCI 3.0 0.04 206 n.d. [23]

molecular none Trifluoroacetic acid 1.0 0.04 492 0.024 [24]

molecular none LiOH or NaOH/Urea/ n.d. n.d.b 404 n.d. [25,26]

H,0
CNF TEMPO + NaClO, oxidation - 1.0 0.03 600 0.018 28]
CNF 2-step oxidation (NalO, + - 1.0 0.09 588 0.018 129]
NaClO,)
CNF repetative oxidation (TEMPO - 2.5 <0.01 401 0.015 [30]
+ NaOCl + NaBr)
CNF? none - <0.03 > 150 208 n.d. B3]
CNF? fluorination via - <02 0.53 96 0.033 [32]
Perfluorodecyl-

triethoxysilane

? Products obtained via ambient drying. All others work: use of supercritical CO, drying; ®) Thickness of dried samples is not given, estimation of ODgy, therefore not possible.
Production was started from 0.5 mm thick cellulose solution layer. S, of sample provided for sample reported inl?’] (transmittance ~78% at 4 = 800 nm).

performance materials are obtainable in the CNF-route (see
Abraham et al.),?"] environmental aspects and costs of oxidants
and cellulose pre-treatment have to be considered: in particu-
lar, TEMPO-mediated oxidation could pose a significant obstacle
to large-scale implementation.’’] In contrast, cellulose oxidation
can be avoided in molecular approaches, but products with gener-
ally higher thermal conductivities (approx. equal or above that of
air) are obtained. Hereby, the Zn-Cell route leads to highly com-
petitive materials in terms of optical properties and to date high-
est reported S, while promoting overall sustainability and low-
ering of production costs due to the choice of an aqueous, salt
based cellulose solvent.

3. Conclusions

In this work, we present for the first time a purely salt induced
route toward transparent cellulose aerogels by crosslinking of
cellulose molecule chains with calcium ions via ion exchange
from Zn?* to Ca?*. Such approach facilitates a high degree of
structural control in cellulose aerogels, allowing to tailor prop-
erties like the specific surface area, mesopore size and ratio of
macro- to mesopores as well as mechanical properties in a wide
range. Mainly mesoporous, ordered pore networks (pore struc-
ture II) are not common for cellulose aerogels, which show in
most cases a multiscale porosity, including macropores. The ab-
sence of larger structural features for highly crosslinked prod-
ucts allows light to pass through the aerogel-matrix, which is
not possible for aerogels produced with coagulative methods.
From a processing point of view, the use of expensive or non-
green solvents is not necessary, and microcrystalline cellulose
can be used without pretreatment (e.g. oxidation). Scalability of
the production process is principally given, since excess salts
can be recovered using industrially available standard meth-
ods. One challenge lies in the high hydrophilicity of the prod-
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ucts, rendering them sensitive against liquid water and vapor.
The latter leads to a quick loss of properties, e.g., when sub-
strates are stored under open air. While mitigation of this ef-
fect can be achieved by complete exchange of Zn** by Ca?*,
quality-preserving post-modification methods (e.g. silanization)
for hydrophobization of transparent cellulose aerogels have al-
ready been established and should also being applicable for sys-
tems produced in this study.3®! Our results showed that for-
mation of macropores is suppressed in presence of sufficient
Ca’*-amounts during gelation: an effective and fast Ca?*-mass-
transport in the gelling system is therefore the key to homoge-
neous and transparent substrates. While one limiting factor of
this attempt is the mass transport of Ca** during gelation, sub-
sequent ion exchange in the hydrogel state (after the first gela-
tion step) represents an additional possibility to complete the
Ca?*-crosslinking. This two-step method leads to aerogels with
maximized light transmission and smallest mesopores. It is also
expected that the range of accessible substrate thicknesses can
be broadened, if additional ion exchange in hydrogel state is ap-
plied. Results of this study suggest, that Ca?*-crosslinking of dis-
solved cellulose or of pre-formed cellulose hydrogels is a so far
unexploited, simple way toward enhanced microstructural de-
sign of cellulose aerogels. The high degree of structural con-
trol makes Ca?*-cross-linked cellulose aerogels suitable for var-
ious applications, particularly where pore size and surface area
are crucial (such as controlled loading and release, separation
processes and e.g. use as transparent membranes). In contrast,
their thermal conductivity has to be further optimized for ther-
mal insulation applications. While this proof-of-concept study
opens up a new pathway toward cellulose aerogels, the limits
of the Ca’*-crosslinking approach have still to be assessed: fur-
ther variation of material properties might be achieved by in-
troduction of other coordinating metal ions/ion mixtures (e.g.
AP or Cu?t), change of the used salt hydrate for cellulose
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dissolution or use of cellulose with different molecular chain
lengths.

4. Experimental Section

Preparation of Zn-Cellulose Stock Solutions: In a first step, cellulose
pastes were prepared by mixing of 2.4-4.9 g microcrystalline cellulose type
Il powder (JRS Pharma GmbH & Co. KG, Vivapure®, 101) with double
weight amount 4 6.0 g of demineralized water. Aqueous ZnCl, as cellulose
solvent was prepared by adding 48.7 g ZnCl, (crystalline powder, purity >
97 wt.%, Carl Roth GmbH & Co. KG) to 12.0 g demineralized water and
stirring the mixture at 65 °C for 30 min. The cellulose pastes were added to
ZnCl,-solutions after a swelling time of 30 min, followed by mixing for ad-
ditional 30 min (T = 65 °C). The resulting colorless, transparent aqueous
ZnCl,-Cellulose solutions (Zn-Cell) with different overall cellulose content
Ccell regarding the overall mass (ccy = 3.25-6.00 wt.%) were stored in a
sealed glass bottle for an additional hour without stirring at 65 °C to re-
move gas bubbles and were subsequently used for hydrogel formation.

Preparation of Hydrogels:  Gelation solutions were prepared by dissolv-
ing different amounts of calcium chloride dihydrate (Carl Roth GmbH &
Co. KG) in demineralized water. The concentration of calcium chloride
(ccazs) Was varied in the range of ¢y, = 0 — 6.5 mol L™ For produc-
tion of hydrogel slabs, Zn-Cell sol (1.3 — 3.6 mL) was preheated to 65 °C
and transferred into glass petri dishes (inner diameter 52.2 mm, height
15.1 mm). Zn-Cell filled petri dishes were directly immersed into cups,
filled with 100 mL of preheated (70 °C) gelation solution, sealed and stored
at a temperature of 70 °C for 2 h. Afterwards, the gelation solution was
discarded, and the obtained hydrogel slabs were transferred to solvent ex-
change without further washing.

Solvent Exchange: Hydrogels were subjected to a direct solvent ex-
change, without extra washing steps, by immersing the substrates in
100 mL of 99.9 wt.% anhydrous ethanol (EtOH, Carl Roth GmbH & Co.
KG) and storing at room temperature for 24 h. Subsequently, a second
solvent exchange step was carried out by replacing EtOH with 50 mL of
fresh anhydrous EtOH. After a minimum final ethanol concentration of
98.0 wt.% was achieved in the liquid phase (controlled via density mea-
surements, Anton Paar, DMA 4500 M), alcogels were sealed into filter
paper bags, covered with a small amount of fresh EtOH and stored till
supercritical drying.

Supercritical Drying: Alcogels were transferred in sealed filter paper
bags into a high-pressure autoclave with an overall volume of 3.9 L for
supercritical drying. The supercritical drying was performed at a temper-
ature of 40 °C and pressure of 110 bar under a continuous flow of CO,
(flow rate = 80-100 g min~") for 4 h. Aerogel substrates were collected
after slow depressurization (1 bar min~') of the autoclave and stored in
sealed, CO,-filled cups (SecurTainer™ IlI, Thermo Fisher Scientific) in a
desiccator prior to analysis.

Characterization:  Volumetric shrinkage AV [%] of slabs was obtained
by determining the diameter and thickness with a caliper (double deter-
mination). Hereby, volumetric shrinkage from hydro- to alcogel after com-
plete solvent exchange AV, as well as from hydro- to aerogel AV,,, were
determined. The envelope density p, of aerogel slabs was calculated from
the samples weight (model balance: Precisa S520, Precisa Gravimetrics
AG) and volume:

re= )

with m being the sample weight and V the sample volume. Density de-
terminations were carried out in duplicate. In order to set distinct aerogel
substrate thicknesses d, different amounts of Zn-Cell sol were used in the
production process and d was determined after the supercritical drying
step. The relative error on d (+ 3.4%) was estimated based on the slope
of a linear calibration fit (data and method: Figure S1, Supporting Infor-
mation). The skeletal density p, was determined via helium pycnometry
(Multivolume Micromeritics 1305, 6-fold measurement) at room temper-
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ature. The overall porosity ¢ was estimated from envelope and skeletal
densities:

e =(1—&> -100% ®)
Ps

Low temperature N, adsorption—desorption analysis was used (Nova
3000e Surface Area Analyzer, Quantachrome Instruments) to determine
the mass specific surface area (S,,), mesopore size distribution, and
mesopore volume (V,,.s,) Of aerogels. An overall sample mass of 20 mg
was used for each analysis. Samples were degassed under vacuum at a
temperature of 60 °C for 4 h prior to analysis. S, was estimated using the
BET (Brunauer—-Emmett—Teller) method based on highly correlated linear
fitting of the BET model (Figure S2, Supporting Information), p/p, range
=0.027-0.27, R?>0.9998) derived from Type IV N, adsorption isotherms
(Figure S3, Supporting Information). V, ., and the mean mesopore di-
ameter (dpore, mean) Were estimated via the BJH (Barrett—joyner—Halenda)
method. Standard errors of S, + 20 m? g~' and of V, s + 0.6 cm® g~
were estimated based on a threefold determination. The inner pore struc-
ture of aerogels was characterized via scanning electron microscopy (SEM,
Zeiss Supra VP55, Jena, Germany). Substrates were cut open with a razor
blade and sputtered with a conductive, thin (~6 nm) layer of gold (Sputter
Coater SCD 050, BAL-TEC) prior to analysis. Measurements were carried
out under high vacuum at an accelerating voltage of 3.00 kV, a working
distance of 2.9-4.0 mm using an in-lens detector. Photographs of sub-
strates were taken in a fotobox. Brightness and contrast of the SEM images
and photographs were optimized using PowerPoint 2016. The Ca- and Zn-
content of aerogels (220 mg of sample each) was determined using an
ICP-OES (AVIO 550; Perkin Elmer) via external calibration against stan-
dards with known concentrations of Ca and Zn. All analyses were carried
out as double determinations and checked for accuracy by quality control
standards with known certified concentrations. Initial digestion of sam-
ples was achieved via acidic digestion (3 ml HNO3,1 ml H,0,) using a
Microwave system (Microwave 7000, Anton Paar) at 280 °C. Transmis-
sion spectra (Figure S4, Supporting Information) of aerogel slabs were
recorded by placing substrates of a thickness between d = 0.8 — 2.3 mm
vertically in the beam of a UV-vis spectrometer (Evolution 300 UV, Ther-
movFisher Scientific) equipped with a xenon lamp. The wavelength of the
incidents light 4 was varied between A = 200-800 nm. The apparent opti-
cal densities per millimeter substrate thickness (OD) were calculated from
the transmission values at two distinct wavelengths of the incident light
(ODy4pp and ODygyo at 4 = 400 and 800 nm, respectively) divided by the
substrates thickness. Therefore, possible effects of surface reflection were
neglected. Taking all experimental variation into account, the relative er-
ror of OD on individual measurements (Table S1, Supporting Informa-
tion) varies in a rather broad range (relative error in average + 27% for
OD g and + 6% for ODgq) translating to ~ + 0.008 mm~" (ODgq) and
+0.31mm™" (OD,q). Uniaxial compression tests were carried out using a
TA.XTplusC Texture Analyzer from Stable Micro Systems. Cellulose aerogel
samples with a thickness of 2.5 — 5.0 mm were compressed with a piston
of 4 mm diameter and under constant compression speed (0.15 s mm~")
until a compressive strain of 80% was reached (load cell 500 N). Two spec-
imens were measured for each sample.

Statistical Analysis: The statistical analysis of experimental data was
carried out by using Design-Expert statistics software (Version 22.0.6, Stat-
con, Germany). One-way analysis of variance (ANOVA) was performed to
determine if differences between sample means were significant at a sig-
nificance level of p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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