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Abstract: In this work, the ability of several solvents to induce gel formation from amylomaize starch
solubilized in dimethyl sulfoxide (DMSO) was investigated. The formed gels were subjected to solvent
exchange using ethanol and dried with supercritical carbon dioxide (sc-CO2) to obtain the aerogels.
The influence of starch concentration (3–15 wt%) and solvent content (20–80 wt%) on gel formation
was also studied. It was demonstrated that the gelation of starch in binary mixtures of solvents can
be rationalized by Hansen Solubility Parameters (HSP) revealing a crucial hole of hydrogen bonding
for the gel’s strength, which is in agreement with rheological measurements. Only the addition of
water or propylene glycol to starch/DMSO solutions resulted in strong gels at a minimum starch and
solvent content of 7.5 wt% and 50 wt%, respectively. The resulting aerogels showed comparably high
specific surface areas (78–144 m2 g−1) and low envelope densities (0.097–0.203 g cm−3). The results of
this work indicate that the HSP parameters could be used as a tool to guide the rational selection of
water-free gelation in starch/DMSO systems. In addition, it opens up an attractive opportunity to
perform starch gelation in those solvents that are miscible with sc-CO2, avoiding the time-consuming
step of solvent exchange.
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1. Introduction

Starch is one of the most abundant biopolymers and the major carbohydrate reserve in higher
plants. In vegetal tissues, starch it is stored as granules, and the major compounds (98–99 wt%)
are amylose and amylopectin. Amylose is a linear polymer composed of α-D-glucopyranose linked
α-(1,4), while amylopectin is highly branched at the positions α-(1,6) besides the linkages in α-(1,4).
Although starch can be found in almost all vegetables, the main commercial sources are corn, wheat,
potato, cassava, and rice. This important biopolymer is largely applied as thickening and gelling agent
in food and non-food products [1,2]. Moreover, owing to its biodegradability and biocompatibility,
starch has been widely associated with the development of new versatile eco-friendly porous materials,
in particular, aerogels [3–6].

Starch-derived aerogels, low-density mesoporous solids with high specific surface area,
are commonly prepared in three steps: hydrogel formation, solvent exchange using ethanol,
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and supercritical drying with carbon dioxide (CO2) [3,7]. Aerogel properties are highly dependent on the
source of starch and its concentration, degree of gelatinization, and retrogradation [3,8]. Starch-derived
aerogels are suggested for many applications such as carriers for active compounds [8–11], thermal
insulators [12–14], tissue engineering [15,16], as templates for making novel materials [17], and
adsorbents [18].

Starch gels are predominantly formed in aqueous media under thermal gelation through
the so-called gelatinization and retrogradation processes [1]. Depending on the amylose content,
gelatinization temperatures up to 120 ◦C are necessary to achieve a satisfactory disruption of starch
granules (e.g., for amylomaize starches) [19]. It is of high interest for the aerogel technology to
eliminate aqueous medium at the gelation step and to be able to perform gelation in those solvents that
are miscible with supercritical carbon dioxide. This would allow excluding a time-consuming step,
namely the solvent exchange, and make a next step toward an integrated processing of aerogels [20].
Interestingly, non-aqueous solvents such as DMSO with an ability to form hydrogen bonds can be
applied for starch gelation [21]. Dimethyl sulfoxide (DMSO) is an aprotic highly dipolar solvent largely
used for solubilization of starch granules in mild conditions (≈80 ◦C) [22–25]. McGrane et al. (2004) [21]
demonstrated that phase transitions of starch/DMSO mixtures, from liquids to gels, can be achieved
by adding a second solvent to reduce the starch–DMSO interactions forming cross-linking bridges
between the polymer chains. They elucidated the hole of hydrogen bonding in amylose gelation
through rheological measurements in samples containing 10 wt% starch in DMSO and added different
classes of solvents such as polyols, alcohols, and urea, besides water. In this work, we expand the list of
studied solvents and elucidate the conditions at which gelation occurs with a focus on the subsequent
conversion of starch gels into corresponding aerogels. To the best of our knowledge, the latter aspect
has never been studied.

To rationalize the outcome of the gelation experiments, we employ the Hansen Solubility
Parameters (HSP). In the field of polymer science, the HSP are a powerful empirical tool largely used
to predict polymer solubility. More recently, it has been successfully employed to predict organogels
formation [26–28]. In the HSP approach, three major types of interaction between molecules are taken
into account: dispersive interactions (d), dipole–dipole interactions (p), and hydrogen bonding (h).
The sum of all individual parameters gives the total solubility parameter (δt), or the so-called total
Hildebrand solubility parameter: δ2

t = δ2
d + δ

2
p + δ

2
h [29]. To predict the solubility, the HSP of the

solvent and the polymer are compared. Basically, the smaller the distance between the two points
in the three-dimensional (3D) Hansen space, the more likely the polymer is compatible with the
solvent (it dissolves or swells). Raynal and Bouteiller (2011) [28] first applied the HSP to correlate
solvent parameters to the gelation ability of several low molecular weight gelators (LMWG). They
demonstrated that while the molecular dissolution requires a solvent that can efficiently compete
with the intermolecular gelator interactions, the gelation relies on the establishment of this interaction.
Based on that, two regions (dissolution and gelation spheres) can be identified in the 3D Hansen
space. The comparison of individual solubility parameters also revealed which kind of interactions
(dispersive, dipole–dipole, and hydrogen bonding) were involved in the dissolution and gelation
processes [28]. Here, the aim is to extend this approach to understand the interactions between starch
and the binary mixtures of solvents with DMSO.

In this scope, we set the goal to explore phase transitions in DMSO solutions of starch
when combined with several solvents. The influence of starch concentration, type of solvent,
and solvent-to-DMSO mass ratio on gel formation were discussed in terms of visual appearance,
solubility parameters, and rheological measurements. Textural properties of aerogels were characterized
through nitrogen adsorption/desorption technique and Scanning Electron Microscopy (SEM).

2. Results and Discussion

The ability of several solvents to induce gelation in DMSO solutions of starch was first investigated.
Samples containing starch concentrations of 3, 5, 7.5, and 10 wt% were prepared with the following
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solvent-to-DMSO mass ratios: 20:80, 30:70, 50:50, 70:30, and 80:20 w/w, using stock solutions of
30–37 wt% starch. For samples containing 15 wt% starch, the solvent-to-DMSO mass ratios used were
20:80, 30:70, and 50:50. This was because the stock solutions with starch contents larger than 40 wt%
were too viscous to guarantee good homogeneity of mixing at higher solvent-to-DMSO mass ratios.

2.1. Effect of the Processing Conditions on Gel Formation

The effect of the solvent nature, starch concentration, and solvent-to-DMSO mass ratio on
gel formation is shown in Figure 1. The qualitative diagrams were constructed according to the
classification presented in Section 4.3. The visual appearance and flow behavior of the samples are
shown in Table S1, in the Supplementary Materials. In general, the ability to form strong gels increases
with rising starch concentration and solvent content. As expected, the type of solvent had a crucial role
in the gelation process. Among all the solvents tested in this study, water provided the highest capacity
to induce the formation of strong gels: six samples were classified as strong gels from a total of 23
studied (Figure 1). Propylene glycol was also able to induce the formation of a strong gel, but only at
15 wt% starch and a propylene glycol-to-DMSO mass ratio of 50:50. Glycerol and sulfolane yielded
samples with gel-like appearance only, which when touched were very sticky (glycerol-added samples)
or brittle (sulfolane-added samples). All samples containing 2-dimethyl ethanolamine as solvent
showed a liquid-like appearance. From these results, samples were selected for further investigation
by rheological measurements and the production of aerogel monoliths.
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Figure 1. Qualitative phase diagrams of the samples containing different solvents, with increasing
starch concentration and solvent-to-DMSO mass ratio. The letters represent the gelation behavior of
samples: liquid (L), thick-liquid (TL), gel-like (G), and strong gel (SG).

2.2. Gel Formation Rationalized by HSP

Figure 2 shows the solubility parameter of the mixture (δm) and the gelation behavior obtained
for all solvent-to-DMSO mass ratios. The tabular data are presented in Table S2 in the Supplementary
Materials. From Figure 2, it is clear that with the increase in the δm, there is a tendency to form
gel-like and strong gel structures, indicating a reduction in the affinity of starch to DMSO and an
increase in the polymer–polymer chain interactions. Following this tendency, it would be expected
that glycerol presents a better ability to form strong gels than propylene glycol, but the opposite is
observed. As pointed by McGrane et al. (2004) [21], there are some possible reasons for this behavior:
(i) the unbonded residual -CH2-OH group of glycerol is unlikely to bond to a third amylose molecule
due to steric restriction; (ii) all the three alcohol groups form intramolecular bonds with amylose
molecules, resulting in an irregular alignment of amylose chains and preventing the gel formation.
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Reducing the number of hydroxyl groups from three in glycerol to two in propylene glycol seems to
favor the polymer–polymer interactions up to a certain point, when starch concentration and propylene
glycol-to-DMSO mass ratio were 15 wt% and 50:50 (strong gel appearance), respectively.
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(N) glycerol, (�) sulfolane, (-) and 2-dimethyl ethanolamine and gelation behavior of the samples, that
is represented by colors: red = liquid; green = gel-like; blue = strong gel.

The δm for binary mixtures of DMSO with sulfolane and 2-dimethyl ethanolamine are between
24.3 and 26.6 MPa1/2 (Table 1). To the best of our knowledge, there is only one rough estimation of the
total solubility parameters for native starch, which is 24 MPa1/2 [30]. No estimations were found for
the individual solubility parameters (δ2

d, δ2
p, and δ2

h). Assuming a close value for amylomaize starch, it
would explain the fact that the biopolymer remains solubilized in all 2-dimethyl ethanolamine-to-DMSO
mass ratios, despite the ability of this solvent to form hydrogen bonds. On the other hand, higher
proportions of sulfolane (sulfolane-to-DMSO mass ratios of 70:30 and 80:20) provided gel-like samples.
It is known that compounds with δd close to 18 are generally in solid state at ambient conditions
(20–25 ◦C), which is the case of sulfolane, δd = 18.4 MPa1/2 (Table 1) [29]. Thus, the visual aspect
of the referred samples would be more associated to the solvent physicochemical properties than a
gelation process itself. The great ability of water as solvent on the formation of strong gels would be
a reflection of its small molecular size and its structure provided by hydrogen bonding, promoting
better inter- and intramolecular interactions through hydrogen bonds between polymer chains than
the other solvents [21].

Table 1. Hansen Solubility Parameters (HSP) of solvents obtained from [29].

Solvent δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) δt (MPa1/2)

Dimethyl sulfoxide 18.4 16.4 10.2 26.7
Water 15.6 16 42.3 47.8

Propylene glycol 16.8 9.4 23.3 30.2
Glycerol 17.4 12.1 29.3 36.2
Sulfolane 20.3 18.2 10.9 29.3

2-Dimethyl ethanolamine 16.1 9.2 15.3 24.0

To better understand the role of each type of chemical interaction on gel formation, the individual
solubility parameters (δd, δp, δh) were plotted in the 3D Hansen space for all solvent-to-DMSO mass
ratios (Figure 3). It is observed that for all starch concentrations studied, the samples with poor
gelation (red-colored symbols in Figure 3) are grouped in a region of both low δh and high δd and δp

values, reflecting the role of hydrogen interactions in the formation of gel-like and strong gel structures
(green and blue-colored symbols, respectively). We can hypothesize that the most suitable solvents to
promote gel formation in a starch/DMSO system should be those with high values of δt (>27.6 MPa1/2;
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see Table S2 in the Supplementary Materials) and δh. Figure 3 also shows that the increase in starch
concentration has a positive influence on gel formation.Gels 2020, 6, 32 5 of 12 
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Figure 3. Gelation behavior of starch in various binary mixtures of solvents plotted in 3D Hansen
space. The symbols represent the mixtures of DMSO with water (•), propylene glycol (�), glycerol (N),
sulfolane (F), and 2-dimethyl ethanolamine (�). The colored symbols represent the gelation behavior
of starch, in which: red = liquid; yellow = thick liquid; green = gel-like; blue = strong gel.
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2.3. Rheological Properties of Gel Formation

The mechanical spectra for samples containing 10 wt% starch with various water contents are
presented in Figure 4. The figure demonstrates the time dependency of elastic and viscous modulus
(G’ and G”, respectively) for water-to-DMSO mass ratios of 20:80, 30:70, 50:50 (Figure 4a), and 70:30,
80:20 (Figure 4b). All samples exhibited a typical gel-like mechanical spectra, with the elastic modulus
(G’) dominating over the viscous modulus (G”) during the observation time (120 min). A similar
behavior was detected for samples containing 5, 7.5, and 15 wt% starch (Figures S1–S3, respectively,
see Supplementary Materials). The results suggest that the gel strength increases with both starch
concentration and water content, which is characterized by the increase in G’ values and the distance
between G’ and G”. These results corroborate with the visual assessment of samples shown in Figure 1.
Amylose solubilized in DMSO is reported to adopt a helical conformation [23], and with the increase
in water content, the polymer conformation gradually changes from tight helical to loose helical, and
then to disordered coil. These conformational transitions expose the hydroxyl groups and enable inter
and intramolecular interactions between polymeric chains through hydrogen bonds [22]. As a result,
the gel strength increases with water content and starch concentration.
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The mechanical spectra for the sample with 15 wt% starch in propylene glycol/DMSO mixture
(mass ratio of 50:50) is presented in Figure 5. In this figure, G’ is lower than G”, indicating that a gel-like
structure was not formed during the analysis period (120 min). Despite that, propylene glycol provided
gel monoliths with good firmness after the hardening period of 24 h. The slower gelling process when
compared to water would be associated with the physicochemical properties of propylene glycol
and/or its poor ability to disassemble the conformational structure of amylose.
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Based on the visual inspection and rheological measurements, seven samples were chosen for
aerogel production, which are assigned with codes and summarized in Table 2.

Table 2. Samples selected for aerogel production.

Sample Code Starch Concentration (wt%) Solvent Solvent-to-DMSO Mass Ratio

S7.5_WA70 7.5 water 70:30
S7.5_WA80 7.5 water 80:20
S10_WA50 10 water 50:50
S10_WA70 10 water 70:30
S10_WA80 10 water 80:20
S15_WA50 15 water 50:50
S15_PG50 15 propylene glycol 50:50

2.4. Textural Properties of Aerogels

The influence of starch concentration and solvent-to-DMSO mass ratio on the textural properties
of aerogels was investigated, and the results are presented in Table 3. For the aerogels prepared with
water, the envelope density increases with starch concentration, as expected. However, the volumetric
shrinkage shown no correlation with the envelope density, and the values were statically similar
regardless of processing conditions. Specific surface area varied from 78 to 144 m2 g−1, but no clear
influence of starch concentration and solvent-to-DMSO mass ratio is observed. On average, we can
conclude that solvent-induced gelation with water yielded aerogels with a specific surface area of
113 ± 20 m2 g−1 (n = 6). The results for the sample S15_PG50 gelled with propylene glycol also fall
within this range.

Table 3. Textural properties of aerogels samples prepared with water and propylene glycol as solvents.

Sample ρenv (g cm−3) VS (%) Sa [BET] (m2 g−1)

S7.5_WA70 0.097 ± 0.007 22 ± 3 133
S7.5_WA80 0.099 ± 0.002 25 ± 1 144
S10_WA50 0.125 ± 0.002 21 ± 2 102
S10_WA70 0.138 ± 0.003 25 ± 1 103
S10_WA80 0.127 ± 0.001 28 ± 5 92
S15_WA50 0.200 ± 0.01 24 ± 1 107
S15_PG50 0.195 ± 0.004 14 ± 1 78

ρenv = envelope density; VS = volumetric shrinkage, Equation (5); Sa = specific surface area.

Figure 6 shows SEM images from aerogels samples S7.5_W70 and S7.5_W80. Visual inspection of
images reveal that the aerogels present a net-like structure with nonuniform pore sizes and no sign
of remaining granules. The structure is essentially similar to starch aerogels prepared by pasting at
140 ◦C followed by a retrogradation step at 6 ◦C [3]. The specific surface area of the aerogels reported
here is comparable with the values (60–100 m2 g−1) reported by other authors [8,9,15,31,32]. Higher
values (183–254 m2 g−1) have been reported by [3,12,33], which are all produced by traditional pasting
in water above 100 ◦C.
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3. Conclusions

In this work, phase transitions from liquid to gel, in starch/DMSO mixtures, were systematically
investigated as a function of starch concentration, type of solvent, and solvent-to-DMSO mass ratio.
Based on the HSP and rheological measurements, it was demonstrated that hydrogen bonding and
starch concentration play a crucial role on gel formation. We demonstrated that starch gels could
be obtained from the solvent-induced gelation route, including a water-free system, and converted
into aerogels. The resulting aerogels possessed comparably high surface areas and a well-connected
fibrillar network, indicating that DMSO efficiently promoted the starch granules disruption. Further
work evaluating other solvents with high values of total solubility parameters (δt) or hydrogen bond
interactions (δh) will be carried out with the aim to find a gelation sphere for starch in the 3D Hansen
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space. This will provide information for predicting starch gelation in solvent systems that are miscible
in sc-CO2 and would allow the direct drying of the gel. In addition, different starch types and
amylose/amylopectin ratios could have an influence on the gelation profile of starch and will be
considered in our future work with a long-term-goal to extend the list of biopolymers suitable for the
water-free solvent-induced gelation.

4. Materials and Methods

4.1. Reagents

Corn starch (Hylon VII®, amylose content of 70%, density: 1.5095 g cm−3) was kindly provided by
Ingredion (São Paulo, Brazil). DMSO and anhydrous ethanol (99.8% purity, denatured with 1% methyl
ethyl ketone) were purchased from Carl Roth GmbH (Karlsruhe, Germany). Propylene glycol was
provided by Sigma Aldrich (Steinheim, Germany). Glycerol was purchased from Merck (Hohenbrunn,
Germany). Sulfolane was obtained from Alfa Aesar (Karlsruhe, Germany) and 2-dimethyl ethanolamine
was obtained from Fluka Analytical (Munich, Germany). Deionized water was used in all experiments.
Carbon dioxide (CO2) was supplied by AGA Gas GmbH (Hamburg, Germany).

4.2. Sample Preparation

To investigate the gelation behavior of starch, several samples were prepared with different starch
concentrations (3, 5, 7.5, 10 and 15 wt%) and solvent-to-DMSO mass ratios (20:80, 30:70, 50:50, 70:30,
and 80:20 w/w). The solvents used in this study were selected by their capacity to form hydrogen bonds
and included water, glycerol, propylene glycol, sulfolane, and 2-dimethyl ethanolamine.

Before the experiments, a stock solution of starch solubilized in DMSO was prepared according to
the methodology of Han and Lim (2004) [24] with some modifications. Briefly, starch was dispersed in
DMSO (up to 30–50 wt% starch content). The mixture was heated at 80 ◦C under magnetic stirring until
complete dissolution of granules (approximately 30 min), which was monitored by optical microscopy
(VWR® Compound Laboratory Microscopes, Leuven, Belgium). Then, the stock solution was stored at
room temperature for 24 h to stabilize before use.

The samples were prepared as follows: the stock solution was mixed with pure DMSO and the
solvent in the respective amounts to achieve a target starch concentration and a target solvent-to-DMSO
mass ratio. The mixture was homogenized for 5 min at room temperature using magnetic stirring.
After that, the solution was poured into glass tubes and stored at room temperature during 24 h for
gel hardening.

4.3. Qualitative Assessment of Samples

After the hardening period, the glass tubes were tilted and the flow behavior of the samples were
evaluated and classified as liquid (fluidly flowed sample), thick liquid (slowly flowed sample), or gel-like
(not flowed sample). Gel-like samples were further studied: they were again prepared as described
in Section 4.2, and the obtained solution was poured into cylindrical molds (diameter = 1.20 cm,
length = 2.5 cm) instead of vials to form monoliths. After the hardening period of 24 h, the monoliths
were removed from the molds and placed on a glass surface. Samples that were able to preserve its
monolithic form were classified as strong gels.

4.4. Rheological Measurements

The gelation behavior of starch was investigated by oscillatory measurements using a rheometer
Kinexus pro+ (Malvern Instruments, Worcestershire, UK). Isothermal analyses were conducted for
2 h at 20 ◦C with a fixed frequency of 1 Hz and a constant deformation of 0.5% using a cone-plate
geometry of 20 mm diameter and 0.5◦ angle. The gap was adjusted to 0.8 mm. Tests were performed
at least in duplicate.
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4.5. Calculation of Hansen Solubility Parameters (HSP) for the Solvent/DMSO Mixtures

The total solubility parameter of the mixture (δt,m) was calculated according to Equation (1),
where V is the volume fraction (see calculations of volume fractions in the Supplementary Materials)
and δt is the total solubility parameter of the solvent:

δ t,m =
∑

Vnδt,n (1)

The individual solubility parameters of the mixtures (δd,m, δp,m, δh,m) were calculated similarly,
according to Equations (2)–(4):

δ d,m =
∑

Vnδd,n (2)

δ p,m =
∑

Vnδp,n (3)

δ h,m =
∑

Vnδh,n (4)

The HSP parameters of each solvent were obtained from [29] and are shown in Table 1.

4.6. Preparation of Aerogel Monoliths

Aerogels in the form of monoliths were prepared as follows: gel monoliths (Sections 4.2 and 4.3)
were submitted to solvent exchange with ethanol to remove the gelling solvents from the gel pores,
due to their low solubility in supercritical CO2. For that, monoliths were soaked twice in anhydrous
ethanol (gel-to-ethanol ratio 1:20 v/v) for 6 h (first step) and then 18 h (second step) at room temperature.
The solvent exchange was completed when the solution density presented a value near to pure ethanol
density (0.789 g cm−3), which was monitored by using a density meter (DMA 4500, Anton Paar, Austria)
(Subrahmanyam et al., 2015) [34].

After the solvent exchange, the monoliths were dried with supercritical carbon dioxide (sc-CO2)
using the equipment previously described by [35]. Briefly, monoliths were wrapped in filter papers
and placed into a preheated (50 ◦C) high-pressure autoclave with a volume of 250 mL. An amount
of 20 mL of ethanol was added in the autoclave to avoid solvent evaporation from the gels surface
and its shrinkage before exposure to sc-CO2. The autoclave was kept at 50 ◦C using a heating jacket.
Preheated CO2 (40–50 ◦C) was introduced to reach 12 MPa. The outlet micro-metering valve was
adjusted to a continuous CO2 flow rate of 40 g min−1. Constant pressure of 12 MPa was maintained
by feeding fresh carbon dioxide into the autoclave. The extraction was run for 3 h, followed by a
depressurization at the same CO2 flow rate within 30–40 min [36].

4.7. Aerogel Characterization

Volumetric shrinkage of aerogel samples was calculated according to Equation (5), where Vhydrogel
and Vaerogel are the volumes of the hydrogel and aerogel monoliths, respectively:

VSt =
(Vhydrogel −Vaerogel)

Vhydrogel
× 100%. (5)

The envelope density of aerogel samples was determined by their weight and volume with
accuracies of ±0.0001 g and 0.005 mm, respectively. The specific surface area was determined by
Brunauer–Emmett–Teller (BET) method using the nitrogen adsorption/desorption technique (Nova
3000e, Quantachrome GmbH and Co. KG, Odelzhausen, Germany). Prior to measurements, samples
were degassed at 40 ◦C under vacuum for at least 24 h. Internal morphology of the aerogels
after sputtering with gold was analyzed by Scanning Electron Microscope (SEM) (Leo 1530, Zeiss,
Jena, Germany) operated at 5 keV.
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(a) 20:80, 30:70, and 50:50; (b) 70:30 and 80:20; Figure S2: G’ and G” profile of gel samples containing 7.5% of starch
and different water-to-DMSO proportions: (a) 20:80, 30:70, and 50:50; (b) 70:30 and 80:20; Figure S3: G’ and G”
profile of gel samples containing 15% of starch and different water-to-DMSO proportions: (a) 20:80, 30:70, and
50:50; (b) 70:30 and 80:20. Table S1: Visual appearance of the samples prepared with different starch concentrations,
type of solvent, and solvent-to-DMSO mass ratios; Table S2: Calculated solubility parameters of mixture (δm) for
different solvent/DMSO mixtures and visual appearance of samples; Supporting information: Volume fraction
calculation for the solvent/DMSO mixtures. References [34] is cited in the supplementary materials.
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