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Abstract: Aerogels are three-dimensional ultra-light porous structures whose characteristics
make them exciting candidates for research, development and commercialization leading to
a broad scope of applications ranging from insulation and catalysis to regenerative medicine
and pharmaceuticals. Biopolymers have recently entered the aerogel foray. In order to fully
realize their potential, progressive strategies dealing with production times and costs
reduction must be put in place to facilitate the scale up of aerogel production from lab to
commercial scale. The necessity of studying solvent/matrix interactions during solvent
exchange and supercritical CO2 drying is presented in this study using calcium alginate as a
model system. Four frameworks, namely (a) solvent selection methodology based on
solvent/polymer interaction; (b) concentration gradient influence during solvent exchange;
(c) solvent exchange kinetics based on pseudo second order model; and (d) minimum solvent
concentration requirements for supercritical COz drying, are suggested that could help assess
the role of the solvent in biopolymer aerogel production.
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1. Introduction

Aerogels are three dimensional ultra-light porous structures whose high surface area (200-1200 m?/g)
and mesoporous (2-50 nm) pore size distributions along with specific material characteristics (of
inorganic, organic or hybrid nature) make them exciting candidates for research, development and
commercialization catering to a broad scope of applications ranging from insulation and catalysis to
regenerative medicine and pharmaceuticals [1].

In the last decade, biopolymers have entered the aerogel foray. The twofold advantage of biopolymer
aerogels is presented by both the properties of the aerogel material such as pore characteristics and material
properties of the biopolymer itself. For example, the thermal superinsulation properties of biopolymer
aerogels such as alginate [2,3] and pectin [4] are not only comparable to silica [1] and more recently
developed polyurea aerogels [5] but also (i) the viscoplastic properties of the biopolymer aerogels stand in
stark contrast to the brittle nature of silica aerogels and (ii) the natural availability of the material could
provide a strong case in reducing the future carbon foot-print compared to crude oil derived precursors.
Apart from the conventional comparison of thermal insulation properties with its inorganic and organic
counterparts, biopolymer aerogels have also been investigated for pharmaceutical [6], neutraceutical [7],
tissue engineering and regenerative medicine [8,9], and for absorption [10], adsorption [11] and catalytic
applications [12]. Therefore, biopolymer aerogels present a case for the next generation high performance
material development for multiple applications [3].

In order to fully realize the potential of biopolymer aerogels, progressive strategies must be put in
place to facilitate the scale up of aerogel production from lab to commercial scale. This aspect mainly
deals with the reduction of production times and costs. Many studies have been conducted in the last
two decades to understand the supercritical CO2 drying process. Diffusion based models have been
recently established which could evaluate the drying times required for aerogel production with a fair
degree of accuracy [13-16]. In addition, optimized plant setups which could reduce the production times
and costs of supercritical drying have also been envisaged [17]. Even though a reasonable degree of
progress had been achieved with regard with the supercritical COz drying process, the same cannot be
said with regard to solvent exchange process for aerogel production which still remains at its infancy.

The art of employing solvent exchange for aerogel production is documented from as early as
Kistler’s original works [18] on inorganic and organic aerogels in the 1930’s. In fact, many gelation
reactions occur in water medium. Some of these include gelation of sodium silicate and ionic, thermal
and pH induced gelation of various biopolymers. As water possesses very high critical conditions
(373 °C and 220 bar) and becomes a very powerful solvent under these conditions [19], the liquid water
in the gel system was replaced with another solvent with lower critical point, and chemical activity,
namely ethanol (241 °C and 63 bar). Unfortunately, the high processing temperatures (7c > 200 °C)
employed during the direct supercritical (hypercritical) drying for the following 50 years limited the
scope to chemically stable oxide-based aerogels and their applications such as insulation [20]. Also, the
need of handling flammable and toxic organic solvents at high temperatures still poses additional safety
concerns. The advent of indirect or low temperature supercritical drying using carbon dioxide(7c = 31
°C and P. =74 bar) in 1980’s [21] not only provided a more benign methodology for producing aerogels
but once more opened the aerogel boundaries to organic gel systems. The first reinvigorated organic
aerogel system, resorcinol-formaldehyde [22,23], was also prepared in water (hydrogel), then solvent
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exchanged to ethanol (organogel) but supercritically dried with CO2 at milder operating conditions (35—
40 °C instead of >200 °C).

The fact that supercritical CO2 can be used to produce aerogels prompts investigation into solvents
that show complete miscibility in it. This can be an arduous task as there is an exhaustive list of solvents
which show complete or significant miscibility in high pressure CO2 [24,25]. In cases where hydrogels
are required to be converted to aerogels, solvents showing complete miscibility in both water and
supercritical CO2 are required. Even though the number of solvents is now greatly reduced, there are
still many solvents in consideration. Mutual miscibility sets forth the minimum requirement, but the
compatibility between solvent and hydrogel should also be considered. This includes shrinkage of the
hydrogel as the water content decreases. The problem of shrinkage represents an unexplored step of the
overall process. For the commercial scale feasibility, other factors such as mass availability, price,
solvent handling, recycling and disposal also enters the fray [26]. These factors limit solvent choices to
a few empirically established ones that are available on a large scale such as low carbon chain alcohols,
ketones and few others.

In this screening process, production times play as much a crucial role as the solvent costs. As solvent
exchange and supercritical drying are fluid transport driven processes, kinetics of both processes are of
keen interest. It would therefore be immensely beneficial to establish evaluation frameworks to
quantitatively and qualitatively assess the versatile role of solvent in biopolymer aerogel production
from hydrogels. This task is undertaken in this study and exemplified by the transformation of calcium
alginate hydrogels into aerogels.

2. Results and Discussion
2.1. Role of Solvent-matrix Interactions during the Solvent Exchange Process

To reveal the influence of solvent nature on the shrinkage of alginate hydrogel (0.5 wt %, QI;
see Section 4 for details), one step solvent exchange was performed with 15 different solvents.
One step procedure is known to cause considerable shrinkage [6] and was used in this study intentionally
to simulate the worst-case scenario and to potentially discriminate between the solvents. The final
solvent concentration for this procedure was >95 wt %. Appearance of the original hydrogel and the gel
subjected to solvent exchange is shown in Figure 1.

To quantify the effect of the solvent, volumetric shrinkage was calculated (Figure 2, see Section 4.8,
Equation (12)). Only six of the 15 solvents were able to retain gels with volume shrinkage less than 90%.
They are methanol, DMSO, glycerol, propylene glycol, ethylene glycol and DMF. It is interesting to
note that ethanol does not make this list even though it is the solvent of choice for solvent exchange and
supercritical drying [6,23]. The reason lies in the fact that only stepwise solvent exchange with ethanol
leads to volume shrinkage at a more acceptable level [3,6]. Much lower volumetric shrinkages for all
other solvents can be expected when a stepwise solvent exchange procedure is used. In addition to
volume shrinkage, the solvents also cause the change of other properties of the gels during shrinking,
such as the shape, texture style, strength, transparency and even the color. The gels which showed
extreme shrinkage, i.e., in MEK, IPA, 1-butanol, 1,4-dioxane, propylene carbonate, furfuryl alcohol and
acetonitrile, changed into hard rubber-like texture. The gels immersed in ethylene glycol became
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extremely brittle and broke despite the low volume shrinkage, and the ones immersed in glycerol had
significant deformation. The appearance and texture of gels immersed in pure methanol, DMSO, propylene
glycol and DMF could be inferred as the best out of all the cases.

Figure 1. Pictures of shrunk gels compared to an original hydrogel. The hydrogels are placed
on the left in each picture, and on the right are the gels once soaked in (a) methyl ethyl ketone
(MEK); (b) isopropanol (IPA); (c) acetone; (d) 1-butanol; (e) methanol (MeOH); (f)
dimethyl sulfoxide (DMSO); (g) glycerol; (h) propylene glycol; (i) ethylene glycol; (j)
ethanol; (k) 1,4-dioxane; (I) propylene carbonate; (m) furfuryl alcohol; (n) N,N-
dimethylformamide (DMF) and (o) acetonitrile.
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Figure 2. Volumetric shrinkage (S1) of gels in different solvents after one step solvent
exchange. The horizontal labels are the names of solvents, in which hydrogels were
immersed. Error bars represent standard deviation of three parallel measurements.
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Solvent/biopolymer interactions and the matrix shrinkage during solvent exchange can be further
understood and related to each other through solubility parameters [27]. Solubility parameters are widely
used not only to predict solubility, but also to predict the compatibility of polymers and affinities to
surfaces to improve dispersion and adhesion [28]. Even for insoluble polymers the solubility parameters
can be correlated with swelling. Hansen solubility parameters are one such parameter usually used to
predict the polymer solubility. It takes into consideration three major types of interaction between
molecules: dispersion (d), dipole-dipole (p) and the hydrogen bonding (h) interactions. The basic
Equation (1) which governs the assignment of Hansen parameter is that the total cohesion energy £
equals the sum of the individual energies

E=Eq+Ep,+ En (D

Dividing this by the molar volume of the solvent gives the square of the total solubility parameter
which is the sum of the squares of the Hansen d, p and h components, Equation (2). The total solubility
parameter 0 is also the so-called Hildebrand solubility parameter.

2 = 84> + 8p? + On? 2)
The d, p and h components of the Hildebrand parameter for each individual solvent were taken
from [28] and listed Table 1. The volumetric yield Y, ; of all gels after the one step solvent exchange

was plotted against the total solubility parameter 6: of the respective solvents (Figure 3). The volumetric
yield is a measure of remaining volume relative to initial volume (see Equation (13)).

Table 1. The Hansen solubility parameters of solvents and experimentally measured
volumetric yields after one step solvent exchange.

Solvents 8a MPa®s 5, MPa"®  &n MPa"® 5 MPa® Volumetric Yield Y, 1, %
Water 15.6 16.0 423 47.8 100
MEK 16.0 9.0 5.1 19.0 230+0.11

IPA 15.8 6.1 16.4 23.5 6.5+1.7

Acetone 15.5 10.4 7.0 20.0 73+1.3

1-butanol 16.0 5.7 15.8 23.1 3.6+1.4

Methanol 15.1 12.3 223 29.6 26.4+42

DMSO 18.4 16.4 10.2 26.7 294+£25
Glycerol 17.4 12.1 29.3 36.1 448+ 6.4
Propylene glycol 16.8 94 233 30.2 20.6+44
Ethylene glycol 17.0 11.0 26.0 329 60.7+£2.6
Ethanol 15.8 8.8 19.4 26.5 8.94+0.71
1,4-dioxane 19.0 1.8 7.4 20.5 63+2.0
Propylene carbonate 20.0 18.0 4.1 27.3 2.60 +£0.78
Furfuryl alcohol 17.4 7.6 15.1 243 39+13
DMF 17.4 13.7 11.3 24.8 28.0+1.4
Acetonitrile 15.3 18.0 6.1 243 32+1.2

As shown in Figure 3, although the data points are rather scattered, a clear trend is observed that the
alginate gels shrank less in the solvents with higher solubility parameters. The volumetric yield of gels
immersed in the solvents, which have total solubility parameter below 25 MPa’?, stays at a low level
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and does not increase as solubility parameter increases (red points in Figure 3). On the other hand, the
volumetric yield of gels in solvent with solubility parameter higher than 25 MPa’ has an increasing
trend with increasing solubility parameter (blue points in Figure 3). Since the total solubility parameter
(0t) is composed of three individual components, the volumetric yield could be influenced by a single
dominant parameter rather than all the three together. To determine this, the individual Hansen d, p and
h components (84, 6p, dn) were also plotted against the volumetric yields (Y, ;). There was no clear trend

observed according to d

and p components (data not shown); however, a relation between relative
volume and Hansen h component n was observed similar to the trend between relative volume and total

Hansen parameter 6 (Figure 4).
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Although the data points in Figure 4 are also rather scattered, a clear trend can be seen that the
volumetric yields of alginate gels were higher in solvents with higher dn components. It is highly likely
that conformations of alginate chains are strongly affected by the solvent. Solvents with less capability
of forming hydrogen bonds may cause partial folding of the polymer coil. The effect of hydrogen
bonding has been clearly exemplified by Antoniou ez al., (2010) [29]: the coil radius of dextran
molecules when dissolved in four solvents increases with increase of the h component, on, whereas &4
and 6p show no correlation. This indicates that hydrogen bonding is the most important contributor to
the solubility of dextran in the examined solvents. As alginate chains possess ionizable COOH groups,
the effect of hydrogen bonding is expected be more pronounced.

Two remarks should be made. First, the above-described analysis is a first attempt to quantify the role
the solvent can play in alginate hydrogel shrinkage during solvent exchange. They can be further
developed to serve as a general framework. The first apparent extension is to evaluate solvent affinity to
biopolymer. This is achieved by calculating the “solubility distance” R. between a solvent and
a biopolymer based on the partial solubility parameter components using the following equation [28,30]:

Ri2=4(8as — 8ap)* + (8p.s — Spp)? + (Bhs — Snp)? 3)

Here 6xs are Hansen component parameters for the solvent, and oxp are Hansen component
parameters for the biopolymer. To the best of our knowledge, there has been only one rough estimation
of the total solubility parameter (&) for sodium alginate (37 MPa’) [31] and no estimations for the
individual Hansen parameters 04, 0p, On. In addition, ionic strength, cation concentration and the pH play
a prominent role in the swelling and shrinkage behavior of biopolymer [32]. Even though the system
considered here is calcium alginate, some of the better solvents (methanol, glycerol, ethylene and
propylene glycol)—which show higher volumetric yields (26%—61%) during the one step solvent
exchange—possess total solubility parameters (29.6-36.1 MPa’®) close to the values reported for
sodium alginate. However, solubility parameters only provide a direction for solvent selection [33] and
the possibility of no alginate shrinkage or even some swelling for solvents & > 37 MPa’° remains
an open question. Nevertheless, one could also estimate the Hansen parameters of biopolymers using
numerical methods and experimentally validate them [34]. Once obtained, parameters dd,p, Op,p, Onp can
then be used to calculate the distance according to Equation (3). This distance is expected to serve as
a reliable measure of the similarity between a biopolymer and a solvent [28]. In addition, the solubility
distance R. could help in comparing across biopolymers and possibly their hybrids.

Second, the calcium alginate hydrogel under consideration for solvent exchange is already in
a solvent, namely water. Therefore the solvent exchange process cannot be purely ascertained by
considering individual solvent/polymer interactions. A framework addressing the matrix changes and
resistance during the solvent transfer needs to be developed. Recently, methodologies for correlating gel
forming capabilities using solvents and solvent blends on a three dimensional Hansen space have been
reported [35]. This method would directly be applicable to evaluate the recently reported formation of
polysaccharide gels in solvents [36]. Further, this methodology can also be extended to solvent exchange
process; replacing gel forming capability with volume shrinkage and studying the effects of solvent,
solvent mixtures and polymer blends on a three dimensional Hansen space. Such an endeavor is part of
our future work.
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2.2. Concentration Gradient as a Control Parameter to Reduce Shrinkage during the Solvent Exchange

In the previous section, it was demonstrated that immersing an alginate hydrogel in pure ethanol can
result in more than 90% shrinkage. Despite this, ethanol remains one of the best solvents to yield aerogels
due to different reasons, a case which will also be supported during the course of this discussion. The
large shrinkage during solvent exchange can be overcome by performing a stepwise solvent exchange
instead of a one-step immersion [6]. In brief, when an alginate hydrogel is immersed in pure ethanol, the
gel is subjected to an initial concentration gradient of 100% resulting in a huge driving force. At
macroscopic level a severe shrinkage of the gel network is observed. However, when the gradient is
reduced by using ethanol/water mixtures with increasing concentration instead of pure ethanol, the
driving force is reduced along with the shrinkage. The provision of lower concentration gradients
increases however the overall duration of the solvent exchange process. As processing time reduction is
the prime focus for aerogel production, an optimization problem is presented balancing aerogel
properties such as density and surface area with production times.

To understand the role of gel composition (alginate concentration and the crosslinking degree) in the
solvent exchange process, hydrogels of three different concentrations and two crosslinking degrees were
prepared by CO: induced gelation. Then they were subjected to the solvent exchange wherein two
solvents, ethanol and DMSO, were used at two initial concentration gradients, 30 and 50 wt %. Figure 5a.b
illustrate the calculated volumetric yields for all six gel compositions, treated with an initial
concentration gradient of 30 wt % and 50 wt % ethanol respectively.

b)

3

Gel Composition: ¢ =3.0,Q1
. alg

el Composition II: ¢__=30,Q2
.G Compostti 3 Q

el Composition Ill: ¢ =1.0, Q1
|:|G | Compost 3 Q
EGe\ Composition IV: Gy 1.0,Q2
[]Gel Composition V: ca“;= 05,Q1
[]Gel Compositon V: ¢, =05, G2
L o

.Gel Compostion - ¢ 40 =30,01
.Gel Compostion Il: ¢ 40 =30,Q2
DGeI Composition IIl: ¢ s 10,Q1
:]Gel Composition IV: Cy® 10,Q2
:‘Gel Composition V: Cys 05,Q1
j&l Composition VI: ¢ ﬂ;=0,5, Q2

process steps
process steps

Figure 5. Volumetric yields after gelation, swelling, each process step for solvent exchange
with ethanol and supercritical CO2 drying; for (a) Ac = 30 wt % and (b) Ac = 50 wt %.
Numerical data for each solvent composition are given in supplementary materials
associated with this paper (Tables S1 and S2).
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Generally, four phenomena are observed during biopolymer aerogel transformation: (1) volume loss
during CO: induced gelation (syneresis); (2) swelling of the freshly prepared hydrogels in water;
(3) shrinkage in solvent/water mixtures and (4) shrinkage during supercritical CO2 drying. The first
observation is that the gel’s loss of volume after CO2 induced gelation is strongly dependent on the
crosslinking degree at given alginate concentration. For soft gels derived from 0.5 wt % and 1 wt %
alginate solution, syneresis is more pronounced for Q2 than for Q1. Previous studies investigating the
syneresis [2,3] interpreted it as a release of water by the gel, resulting in a condensing and strengthening
of the gel matrix facilitated by the presence of more crosslinking ions (higher crosslinking degree, Q2).
Reasons for this syneresis could be explained by the lateral chain associations of alginate at higher
calcium ion concentrations [37]. Also, pressurized CO2 could favor inter-chain interactions [8]. Swelling
is also strongly dependent on the cross linking degree where weakly crosslinked gels swell between 16%
and 24% However, syneresis and swelling tendencies diminish with higher alginate concentrations (3
wt %) and cross linking degree in these cases is observed to have a low influence.

Analyzing gel volumes during solvent exchange with a solvent concentration gradient of 30 wt %
(Figure 5a) shows that high alginate concentration gels exhibit higher volumetric yields (gel composition
II: Yva = 60.6%, gel composition V: Yva4 = 27.6%) after solvent exchange (steps 1 to 4). Lower
crosslinking degree results in very high shrinkage during solvent exchange (gel composition V: AYvy
(swelling — step 4) = 63.1%, gel composition VI: AYy (swelling — step 4) = 17.5%). It is also observed
that the shrinkage is most severe during the early steps of the solvent exchange (70%—80% of the total
shrinkage occurs in the first two solvent exchange steps).

The influence of the initial concentration gradient on shrinkage can be obtained by comparing
Figure 5a,b. As samples were prepared using the same procedure for both measurement sets, shrinkage
after CO2 induced gelation and swelling in water are identical but start to deviate when considering the
solvent exchange. When comparing gel volumes, it can be said that the volumetric yields of the solvent
exchange with Ac = 30 wt % are higher after each respective step compared to the Ac = 50 wt % case.
For example, the softest gel (gel composition V) after solvent exchange showed a 30% volumetric yield
deterioration, when the concentration gradient was increased to Ac =50 wt % (¥v3 = 19.6%) from Ac =
30 wt % (Yv.4 = 27.6%). These observations are in line with previous studies analyzing this topic [6].
While lower concentration gradients lead to a slower and gentler exchange between water and solvent
molecules within the gel, an increase in the initial concentration accelerates the solvent exchange
increasing the stresses on the gel backbone. Consequently, higher volumetric yields can be achieved
when small concentration gradients are applied. Higher crosslinking degree can also mitigate the
shrinkage to some extent.

DMSO is a much better solvent for solvent exchange of alginate than ethanol. When comparing
solvent exchange performance of ethanol and DMSO (Yv4) for a constant concentration gradient
Ac = 30 wt % (Figures 5a and 6a), a 20%—60% improvement in the volumetric yield across all gel
compositions is observed for DMSO. This increase in the volumetric yield is even higher for
Ac = 50 wt % (Figures Sb and 6b) especially for soft gels (gels Il and V), where 60%-100%
improvement in the volumetric yield is observed. The superiority of DMSO over ethanol regarding
shrinkage during solvent exchange can most likely be attributed to a higher affinity of alginate molecules
towards DMSO and thus a replacement of structural water by solvent molecules instead of an extraction
of water from the gel matrix. Most likely, methanol, propylene glycol and DMF (as discussed in the
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Data shows that the shrinkage during drying is much higher for DMSO compared to ethanol even though
both solvents are miscible in supercritical CO: at operating conditions (p = 120 bar,
40 °C) [25]. One plausible reason could be that the affinity of DMSO to the alginate matrix causes
scaffold collapse during extraction with CO2 and thereby a higher shrinkage. Here one caveat can be
established. Miscible solvents that are gentle for solvent exchange may be harsh on the matrix during
supercritical COz drying as observed in the case of DMSO. This scenario can be tackled by using solvent
combinations instead of a single solvent alone. For example in case of alginate, combination of DMSO
(mild for solvent exchange) and ethanol (mild during supercritical drying) can be used. The use of two
complete solvent exchange procedures (DMSO exchange first and then to ethanol before supercritical
COz2 drying), or DMSO/ethanol solvent mixture compositions for solvent exchange and supercritical
drying are in the scope of our ongoing work.










































