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Abstract

Highly porous and nanostructured pectin aerogels were synthesized via dissolution-solvent
exchange-drying with supercritical CO2. The goal was to show why and how aerogel
morphology and properties vary as a function of external conditions. Polymer
concentration, pH and concentration of mono- and divalent metal salts were varied. The
way of structure stabilization, i.e. gelation or direct non-solvent induced phase separation
(in other words, the state of the matter before solvent exchange, gel or solution) turned out
to be one of the key parameters influencing aerogel morphology and density. When strong
gels were formed via calcium-induced gelation at pH around pKa, the corresponding
aerogels presented large pores, the lowest density (0.04 — 0.05 g/cm®) and lowest specific
surface area (around 270 - 350 m?%/g). On the contrary, when pectin network was formed
via non-solvent induced phase separation from non-gelled pectin solutions during solvent
exchange step, the resulting aerogels were mesoporous, with highest density (0.12 — 0.15
g/cmq®) and highest specific surface area (around 600 m?/g). The results obtained provide
the guidelines for making aerogel matrices with fully controlled morphology and

properties.
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Highlights
Pectin aerogels of various densities and surface areas were synthesized
The mechanism of structure formation, gelation or phase separation, is the key in
structure control
Correlations between polymer ionization, pH, presence of ions and aerogel properties are

built



1. Introduction

Aerogels are highly porous and lightweight nanostructured materials composed of a solid
network with air in the pores. Aerogels are usually obtained from a gel in which the liquid
phase is replaced by air. In order to prevent the collapse of network structure during drying
due to capillary forces, drying in supercritical (sc) conditions is performed. Classical aerogels
based on silica, synthetic polymers and their carbons typically possess low density (< 0.2
g/cm?), open pores in the range of small macro- and mesopores and very high specific surface
area (700 - 1500 m2/g) [1]. These structural properties make aerogels attractive materials for a
broad variety of applications such as thermal and acoustic insulation, catalyst support, fuel
cells, capacitors, absorption and adsorption, flame retardancy, ultrasound probes and ion
exchange media.

Bio-aerogels are new versatile materials based on polysaccharides. The latter are widely
available, renewable, non-toxic, biocompatible and can be easily functionalized due to a large
amount of hydroxyl groups on polymer backbone. Bio-aerogels are thus suitable for a wide
range of life science applications such as biomedical, pharmaceutical, biotechnological,
cosmetic and food. For example, bio-aerogels were suggested to be used as biodegradable
solid matrices for pharma and biomedical applications: as drug delivery systems [2—7] and as
3D cellular scaffolds [8-11] for tissue engineering.

The requirements towards aerogel chemical, mechanical and structural properties are
dictated by the application. Thus the understanding of how formulation and external
conditions (polymer ionization and concentration, solution pH, presence of ions, etc)
influence aerogel properties is a key issue. For instance, recently we showed how to tune
pectin aerogel structure to reach thermal super-insulation properties, i.e. with conductivity
being below that of air [12]. The latter required, on one hand, a compromise between material

low density, which provides low heat conduction via solid phase, and on the other hand, small



pore sizes, decreasing the conduction via gaseous phase. In order to use aerogel as
biocompatible drug carriers, drug loading and release kinetics are critical parameters to
consider regarding the therapeutic indications [13]. By tuning aerogel matrix chemical and
physical properties, the drug dose and release into physiological fluids can be varied in a wide
range of release Kkinetics, from immediate release (for example, hydrophilic silica aerogel)
[14,15] to delayed release (gastro-resistant materials, for example, pectin hydrogels) [16] or
extended release (for example, nanofibrillated cellulose aerogels) [17]. Finally, for 3D cell
scaffolds, bio-compatibility, mechanical stability, open porosity and certain pore size are
critical factors to ensure cell viability, growth and differentiation. In particular, pore size
distribution and connectivity have to be precisely set to regulate cell adhesion and mobility
within the material: for cell attachment pores should be below one micron, for cell—cell
interactions - around micrometric scale (a few microns) and for cell functioning pores should
be large, around a few hundreds of microns [18,19].

Despite the importance of morphology control, very little is known about the correlations
between the type of polysaccharide, processing conditions and aerogel structure and
properties. In this work we used pectin extracted from citrus, a ramified polysaccharide with
gelling abilities, to produce pectin based aerogels, also called “aeropectins”. Pectin was
selected because it allows numerous variations of conditions that influence solution viscosity
and gelation. As it will be demonstrated, this allows obtaining wide range of aerogel
morphologies and properties. Moreover, pectin has gastro-resistant properties which open
prospects in using pectin aerogels in oral drug delivery applications. Pectin is a
polyelectrolyte composed of a linear chain of galacturonic acids units (Gal.A), branched with
ramnosyl units and neutral sugars. Carboxylic acids of Gal.A can be methyl-esterified
defining a degree of esterification (DE). Depending on the DE, pectins are generally classified

as Low Methylated (LM, DE < 50%) or High Methylated (HM, DE > 50%). In aqueous



media the gelation of pectin solutions depends on temperature, pectin concentration, presence
of co-solutes, pH, ionic strength and concentration of metal ions. Acid functions of non-
methylated Gal.A are likely to be dissociated into carboxylates at pH higher than pKa (3-3.5).
Depending on polymer concentration, physical gelation may occur in acidic conditions
(pH < 3.5) at room temperature. In this case, pectin network is mainly formed by chain
entanglements stabilized by hydrogen bonds involving hydroxyl and protonated carboxyl
groups and hydrophobic interactions between methyl-ester groups [20,21]. At pH close or
above pKa the addition of divalent cations, such as calcium, leads to another gelation
mechanism involving the formation of intermolecular junction zones via ionic bonds
following the “egg-box” model [22]. In this case, the dissociated acid groups of non-
methylated Gal.A units interact with divalent cations and create strong intermolecular ionic
bridges. lonic gelation is predominant for LM pectin gels due to a higher proportion of non-
methylated Gal.A as compared to HM pectins.

In the present study, pectin aerogels were obtained by polymer dissolution in water,
exchange of water to a fluid miscible with CO2 and supercritical drying with CO.. While our
previous work was focused only on the correlations between pectin aerogel thermal
conductivity and morphology [12], the present investigation provides wide and detailed
overview on how and why aerogel structure and properties vary as a function of external
conditions. The latter are studied in a systematic way by varying pectin concentration,
solution pH, type and concentration of metal salts (CaCl> and NaCl) and nature of non-
solvent. The role of solution gelation or not, and of the mechanisms of network formation in
aerogel precursor are suggested and discussed. This study demonstrates the ways of
controlling structure formation in pectin-based aerogels, and presumably, in other gelling

polyelectrolyte polysaccharides such as alginates and carrageenans. Emphasis is made on the



multiscale correlations between the properties of dissolved polymer, mechanisms of network

formation and the final structure and properties of pectin aerogels.

2. Experimental

2.1. Materials

Citrus pectin with the degree of esterification 35% (as given by the provider) was kindly
donated by Cargill. Calcium chloride anhydrous powder (96% extra pure) from Acros
Organics was used to make CaCl, aqueous solutions. Sodium chloride salt (99.5%, analysis
grade) was from Acros Organics. Ethanol (purity > 99%, laboratory reagent grade), acetone
(> 99%, laboratory reagent grade), potassium hydroxide pellets (extra pure), hydrochloric acid
(32%, analysis grade, certified analytical reagent) were from Fisher Scientific and used as

received. Water was distillated.

2.2. Methods

2.2.1. Preparation of pectin aerogels

Pectin aerogels were prepared as described previously, via dissolution — gelation (in some
cases gelation did not occur) — solvent exchange — drying with sc CO2 [12]. Pectin aqueous
solutions were prepared by dissolution of pectin powder in distilled water at 65 °C under
stirring at 400 rpm [12]. Pectin concentrations are given in weight percent (wt %) unless
otherwise mentioned. After complete dissolution, solution pH was adjusted™ by addition of
small quantity of HCI or KOH. pH was varied from 0.5 to 5. Pectin solutions were then

poured into molds of 27.5 mm of diameter, in certain cases sodium (NaCl) or calcium solution

[1l Some degradation may be possible at very low and high pH due to acid hydrolysis or -
depolymerization and demethoxylation in neutral to alkaline conditions [23-25]. This resulted
in aerogel poor mechanical properties, especially at pH 0.5, and texture deterioration, as it
will be shown in Results section.



(CaCly) was added under stirring. The molar ratio R of metal cation (Me), Na* or Ca®, to
pectin carboxyl groups, expressed in mol.L?, was varied from 0.05 to 2 and calculated as

follows:

_ [Me]
"~ [RCOO™]

1)
It was not possible to prepare homogeneous calcium-containing gels (from CaCl,) at pH > 3
due to immediate ionic gelation leading to highly heterogeneous samples.

Pectin solutions were let at rest for 48 h at room temperature. Depending on the conditions
(concentration, pH, presence of CaClz or NaCl) solutions were gelling or not as determined by
a simple “tilting test” (solution flowing or not); the state of solution will be given for each
aerogel studied.

In order to perform drying with sc CO», water has to be replaced by a fluid which is
miscible with CO.. Two kinds were used; ethanol and acetone, both are pectin non-solvents.
Solvent exchange was performed by progressively decreasing water/non-solvent (v/v) ratio to
50/50, 25/75 and 0/100, followed by the final extensive washing with pure non-solvent. The
resulting aerogel precursor was 3D network composed of coagulated pectin with non-solvent
in the pores. The precursors were then dried with sc CO> (see details on drying parameters in
Ref. [12, 26]).

The final dimensions of dried samples were disks with diameter around 15-25 mm and
thickness around 6-10 mm depending on sample shrinkage which in turn is controlled by
pectin concentration and state of matter before solvent exchange (solution or gel), presence of

CacCly, etc., see photos of pectin aerogels in Figure 1.



pH 1.5 pH 2.0 pH 3.0

No calcium
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R (Ca)

Figure 1
Photos of pectin aerogels from 3 wt% solutions prepared in different conditions at pH 1.5,
pH 2.0 and 3.0, without the addition of salts and with addition of calcium at R(Ca) = 0.2.
Without calcium at pH 1.5 the sample before solvent exchange was weak acid gel, at pH 2.0 it
was high viscosity solution and at pH 3.0 low viscosity solutions. At R(Ca) = 0.2 strong ionic

gels were obtained at all pH. Non-solvent was ethanol.

2.2.2. Viscometry

Viscometry was used to determine pectin molecular weight. Pectin was dissolved in 0.01
M NaCl, and dilution was performed at 26.6 °C according to Ref. [27]. iVisc from LAUDA
and capillary Ubbelhode Dilution Viscometer Type | with capillary diameter 0.63 mm was
used to determine pectin intrinsic viscosities using Huggins approach.

2.2.3. Rheology

The rheological measurements were performed on Gemini rotational rheometer with
Peltier temperature control system, using cone-plate geometry, both of 60 mm of diameter and
cone with an angle of 2°. Solutions were let at rest for 1 h at room temperature prior the
analysis. A pre-shear at 20 s was applied for 120 s before performing rheological

measurements.



Steady state viscosity as a function of shear rate was measured with increasing shear rate
from 0.1 to 600 s for 0.9 % pectin solutions at 20 °C and various pH. In these conditions
solutions are not gelling.

2.2.4. Sample shrinkage and aerogel density and porosity

Volume shrinkage AV of samples was determined before drying (i.e. at the end of solvent
exchange) and after sc drying:

Vo —Vi

Volume shrinkage, % = x 100 % (2

where Vo is the volume of the gel before solvent exchange and Vi, is sample volume at the
corresponding step.

Bulk density pwuik Was determined as the ratio of sample mass to volume. The mass of the
aerogel was measured with digital analytical balance with a precision of 0.01 mg. The volume
was measured with digital caliper.

Porosity was calculated as follows:

p’%=1_M (3)

Pskeletal

where pskeletal is 1.5 g/cm® [12].

Pore specific volume was estimated using bulk and skeletal densities:

1 1

Vpores = - (4)

Pbulk Pskeletal

2.2.5. Specific surface area

Specific surface area (Sger) was determined by nitrogen adsorption using Micromeritics
ASAP 2020 and BET method. Prior to analysis, samples were degassed in a high vacuum at
70 °C for 10 h.

It should be noted that it is not possible to experimentally measure total pore volume and
pore size distribution using nitrogen adsorption: pore volume obtained with BJH approach

gives only about 10-15% of the total pore volume [12,28,29]. Mercury porosimetry does not
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allow measuring pore volume of pectin aerogels either, and, in general, of most of bio-
aerogels’: samples are compressed and thus pore volume “measured” is an artefact [29,30].
2.2.6. Scanning electron microscopy
Scanning electron microscopy (SEM) observations of aerogels morphology were
performed on a Supra40 Zeiss SEM FEG (Field Emission Gun) at a voltage of 3 KeV. Prior to
observations, a fine layer of about 7 nm of platinum was sputtered onto the sample surface

with metallizer Q150T Quarum.

3. Results

Pectin is a polyelectrolyte, and thus the changes of solution pH and/or addition of ions
influence solution viscosity and may induce gelation. Gelation mechanism, in turn, depends
on the type of the external parameter. This is well known and described in literature. The open
question is how pH and ions’ concentration influence pectin aerogel morphology and
properties. The following sections are structured as follows. After determination of pectin
molecular weight, the Results section describes the effect of pectin concentration, solution
pH, and concentrations of calcium and sodium ions on aerogel morphology and properties,
keeping one parameter varied and the other constant. Finally, the Discussion section
summarizes all findings and makes general suggestions on the influence of external

parameters and state of the matter, solution or gel, on pectin aerogel properties.

3.1. Determination of pectin molecular weight

Huggins method was used to determine pectin intrinsic viscosity [n] in 0.01 M NaCl at
26.6 °C. These conditions were used as far as they allow the calculation of pectin molecular
weight according to Mark-Houwink equation:

[n] = KM*® ©)
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where K = 0.0234 and a = 0.8221 [27]. The dependence of reduced viscosity on pectin
concentration is shown in Figure S1 of the Supplementary Information. The intrinsic viscosity

of pectin in these conditions is 339 mL/g and molecular weight is 1.15 10° g/mol.

3.2. Influence of non-solvent type and pectin concentration on aerogel structure and
properties

To study the influence of non-solvent type, acetone vs ethanol, and of pectin concentration
on pectin aerogel properties, several batches of pectin solutions from 2 to 8 wt% at pH 3 were
prepared. pH 3 was selected because pKa is around 3-3.5 for low methylated pectins [31,32].

Sample volume shrinkage was monitored before and after sc drying (see Figure S2 of the
Supplementary Information). At the end of solvent exchange the shrinkage is around 10 - 20
vol%, with highest shrinkage for 2% solution (40 vol%), and it is similar for both non-
solvents. The overall shrinkage after drying is around 50 — 80 %, it is slightly higher for
ethanol. Shrinkage decreases with the increase of pectin concentration. This phenomenon had
already been reported for other bio-aerogels: higher polymer concentration makes the network
more “resistant” to sample contraction [33,34].

Figures 2a and 2b present pectin aerogel density and specific surface area as a function of
pectin concentration and type of non-solvent at pH 3. The use of acetone resulted in lower
density and higher specific surface area. For example, for the initial solutions of 3 wit%,
aerogel density was around 0.11 g/cm® and specific surface around 570 m2/g when using
ethanol as the non-solvent, whereas while using acetone density was 0.065 g/cm? and specific
surface reached the values up to 630 m#g. Similar phenomena were recorded for aerogel
made at pH 2 (Figure S3 of the Supplementary Information). Some works suggest that the
larger the difference in Hansen solubility parameters between the polymer and non-solvent,

the higher is sample shrinkage [35,36]. However, pectin is heteroglycan and Hansen
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parameter(s) are not known. It may be possible that the miscibility of non-solvent and CO>
also pays a role: acetone is better miscible with CO. than ethanol according to Hansen
solubility parameters (of ethanol it is 26.5 MPa'?, of acetone 19.9 MPa'? and of CO, 17.4
MPa?) [37]. In all the cases studied density of pectin aerogels was from two (for acetone) to
more than three (for ethanol) times higher than that of the theoretical no-shrinkage case

(Figure 2a). As expected, density increases with the increase of polymer concentration in

solution.
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Figure 2

Density (a) and specific surface area (b) as a function of pectin concentration for solvent
exchange performed in ethanol (open points) and acetone (filled points). Pectin was dissolved
at pH 3.0, the state of the matter before solvent exchange, solution (S) or gel (G), is indicated
for each case. Solid line is theoretical density for no-shrinkage case; dashed lines are given to

guide the eye.

It is difficult to conclude now on the influence of concentration on specific surface area.

The reason is that at pH 3, pectin dissolved at 2, 3 and 4 % is solution, and at 6 and 8 % it is
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gel. Previous studies on cellulose aerogels [33,38] reported the increase of specific surface
area with the increase of polymer concentration which is also the case for pectin aerogels
made from 2, 3 and 4 % solutions. The result for cellulose aerogels was interpreted by the
decrease of pore size and not increase of pore wall thickness with the increase of polymer
concentration [33]. In the case of cellulose the state of the matter before solvent exchange was
the same thought all experiments: it was a solution for cellulose dissolved in ionic liquid and
in NaOH-urea-water [33,38]. As it will be shown later, the state of the matter before solvent
exchange strongly influences pectin shrinkage and thus aerogel density and morphology.

Pectin aerogel porosity and pore volume of the same samples as shown in Figure 2 are
shown in Figure S4 of the Supplementary Information. All values are lower for aerogels
prepared with ethanol as non-solvent as compared to those prepared with acetone, which is
expected from the values of density and specific surface area. The increase of pectin
concentration leads to the decrease in porosity and pore volume for both types of non-solvents
used. Pore volume varies from 5.6 to 9.1 cm3/g for aerogels made with ethanol as non-solvent
and it is 30 to 80 % higher for acetone case.

SEM images of pectin aerogel morphology are presented in Figure 3, for two pectin
concentrations and two non-solvents. Solvent exchange with acetone resulted in slightly
larger pores with less agglomerated pore walls compared to ethanol. The increase of pectin
concentration makes the network denser and with smaller pores. The thickness of pore walls
is around 7 to 14 nm as estimated from Figure 3, with some rare chain agglomerates/packages
from around 20 to 30 nm of thickness, see an example on Figure S5 of the Supplementary
Information. Average fibril size D can also be roughly calculated as D = 4/(pbukSgeT)
assuming that fibrils are ideal rods of uniform thickness and the same skeletal density. With
Seet varying from 530 to 630 m?/g, D is around 4 to 5 nm, which fits well the experimental

observations after subtracting from the latter few nanometers of sputtered platinum.
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Non-solvent: ethanol Non-solvent: acetone

Figure 3
SEM images of pectin aerogels made from 3 wt% and 6 wt% pectin solutions at pH 3, with

ethanol (a) or acetone (b) as non-solvent.

3.3. Influence of pH on aerogel structure and properties

It is known that dissolved pectin, being a polyelectrolyte, is very sensitive to pH. At low
pH chains associate and are stabilized by hydrogen bonding between un-dissociated free
carboxylic acids and secondary alcohol groups, and by hydrophobic interactions between
methyl esters [20]. This is reflected by change of solution viscosity at lower polymer
concentration, and may lead to so-called acid gelation if the number of junction zones is
sufficient, the latter depending on solution temperature and pectin concentration [39-41].

To better understand the influence of pH on pectin aerogel structure and properties, we

illustrate the effect of pH on pectin chains’ interactions via viscosity 7 of semi-dilute pectin
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solutions (0.9 wt%) as a function of shear rate y at different pH (Figure 4). At pH below pKa
~ 3, solutions showed a strong shear-thinning behavior, and viscosity increases with
decreasing pH due to macromolecules association. This is especially pronounced at pH below
2.5 when ionization of pectin chains is significantly reduced. At higher pectin concentrations
and below pH 2 solutions may form a gel. The increase of pH above pKa leads to progressive
deprotonation of carboxylic acids into carboxylates. The coulombic repulsion and high
hydration of pectin macromolecules prevent polymer aggregation [42]. Beyond pH 4
practically no evolution of viscosity as a function of pH was observed, as ionization of
carboxylates is supposed to be complete. In this case, pectin solutions exhibit stable and low

viscosity as each polysaccharide chain is hydrated, extended and independent [42].

Shear rate (s?)
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e e e

0.01 -
Figure 4

Viscosity as a function of shear rate of 0.9 wt% pectin solutions at different pH at 20 °C.

Solid lines correspond to viscosity approximated with Cross model.

The flow curves were fitted using simplified Cross model:
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where 1) is zero shear rate viscosity, « is constant and n is flow index (or Cross exponent).
The fitting parameters are presented in Table S1 of the Supplementary Information. Zero
shear rate viscosity and flow index as a function of pH are shown in Figure 5. These results
confirm what was qualitatively deduced from Figure 4: a strong drop of zero shear rate

viscosity and of flow index with the increase of pH and the independence of these parameters

on pH at pH > 4.
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Figure 5

Zero shear rate viscosity (squares) and flow index (triangles) (see eq.4) of 0.9 wt%

pectin solutions as a function of pH at 20 °C. Dashes lines are given to guide the eye.

Pectin aerogels were made from 3 wt% solutions at various pH. Acid-induced gels were
obtained at room temperature and pH of 0.5, 1.0, 1.5 and pH 1.8. At higher pH solutions were
not gelling and aerogel precursors were obtained by direct solvent exchange with ethanol. In

this case, viscosity of pectin solutions had to be sufficiently high for not deformed 3D
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network to be formed; for example, it was not possible to obtain homogenous aerogels from
solutions at pH > 5.

Figure 6a shows the shrinkage of pectin samples after solvent exchange and after drying
and Figure 6b corresponds to density and specific surface area of the obtained pectin aerogels.
A very interesting trend was obtained: all parameters show a convex shape as a function of

pH, with the highest values of density and specific surface area almost tripled in the

maximum.
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Figure 6

Influence of pH on (a) volumetric shrinkage after solvent exchange (open points) and after sc-

drying (filled points) and (b) density (open points) and specific surface area (filled points) of

pectin aerogels made from 3 wt% solutions. The state of the matter before solvent exchange is
noted “G” for gel, the rest are solutions. Non-solvent used was ethanol. Dashed lines are

given to guide the eye.

Shrinkage is around 10 — 20 vol% after solvent exchange and it strongly increases after sc

drying, especially for non-gelled solutions at pH > 2. The lower pH, the stronger pectin
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network [43], providing better mechanical resistance to solvent exchange and drying. Gel
state prevents shrinkage and preserves gel porous structure resulting in lower density and
lower specific surface area (Figure 6b). Pectin aerogels at pH 0.5, 1 and 1.5 display large
pores and thick pore walls (Figure 7). Porosity is around 95 — 96 % and pore volume around
13 — 17 cm®/g (Figure S5 in the Supplementary Information). It should be noted that at very
low pH (pH < 1) pectin acid degradation may have occurred as reported in Ref. [25], resulting

in partly damaged morphology as observed by SEM (Figure 7).

pH 1.0 (Gel) pH 1.5 (Gel)

pH 3.0 (Solution)

’

Figure 7
SEM images of pectin aerogel morphology made from 3 wt% solutions at different pH. The
state of the matter before solvent exchange is indicated for each case. Non-solvent used was
ethanol. The scale is the same for all SEM images.

With the increase of pH from 1.8 to 3 — 3.5, progressive ionization of pectin chains
occurred decreasing the probability of their association, and gelation was inhibited. This
induced high sample shrinkage, up to 75 vol% (Figure 6a), resulting in the increase of pectin

aerogel density (Figure 6b). As a consequence, aerogel porosity and pore volume decreased to
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90% and 6 cm®/g, respectively (Figure S5 in the Supplementary Information). High shrinkage
led to denser morphology and decrease of pore size (Figure 7): for example, pore size varied
from 50 — 300 nm at pH 1 to much more homogeneous sizes around 30 — 50 nm at pH 3 as
estimated from SEM images. Because at pH 3 — 3.5 aerogel density still remained low and
pore size decreased as compared to pH 1 - 2, specific surface area strongly increased as pH
increased, from around 300 m2/g at pH 1.5 to almost 600 m2/g at pH 3. We assume that at pH
3 — 3.5 due to the repulsion between charged chains their agglomeration was inhibited which
led to higher specific surface area. Finally, due to complete pectin ionization at pH above 4,
viscosities of pectin solutions were too low to lead to monolithic non-damaged samples
during solvent exchange. After sc drying, pectin aerogels appeared to have very
heterogeneous morphology, as can be seen in Figure 7, with lower mean bulk density and

specific surface as compared to pH 3 — 3.5.

3.4. Effect of calcium ions on pectin aerogel structure and properties

The addition of divalent cations strongly impacts pectin gelation mecanism and thus
potentially allows the variation of aerogel properties [44,45]. The ionized groups of non-
methylated galacturonic acid on pectin backbone can create ionic bonds with divalent cations
such as calcium [45,46]. Successive ionic bonds can form junction zones between unbranched
non-esterified galacturonan segments of two pectin chains in a twofold helical conformation,
retaining calcium ions in between, as described by the so-called “egg-box model” [22]. The
ionic bonding results from specific non-covalent electrostatic interactions between free
divalent cations and the oxygen atoms of the hydroxyl groups, the oxygen atoms of the
glucosidic ring and the bridging oxygen atoms of dissociated galacturonic acids through their
free-electron pairs [46]. These ionic junctions are stable when at least 7 to 20 successive ionic

bonds are involved [47,48]. The cross-linking formed by ionic bonds between carboxylates
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function and divalent cations such as calcium produce strong, brittle and less elastic pectin
gels than those formed by hydrogen and hydrophobic interactions in acidic condition [49].

In order to understand the influence of calcium ions on the morphology and properties of
pectin aerogels, we varied calcium concentration (or the molar ratio of calcium to pectin,
R(Ca)) at fixed pectin concentration 3 wt% and pH 3 which is pKa of LM pectin. The photos
of the obtained pectin aerogels with increasing R(Ca) ratio are given in Figure S7 of the
Supplementary Information.

The addition of even low amount of calcium increases pectin solution viscosity; at R(Ca) =
0.1 a weak gel and at R(Ca) > 0.2 strong gels are formed. The influence of R(Ca) on samples’
volumetric shrinkage is shown in Figure 8a and on aerogel density and specific surface area in
Figure 8b. Shrinkage of pectin samples decreases with the increase of R(Ca), as calcium
reinforces the network by the formation of large amount of strong ionic junction zones [50—
53]. As a result, density of aerogels strongly decreases from 0.11 g/cm® without calcium to
more than twice lower value, around 0.05 g/cm®, for R(Ca) above 0.2 (Figure 8b).
Consequently, porosity and pore volume increase with the increase of calcium concentration

(Figure S8 in the Supplementary Information).
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Influence of calcium to pectin molar ratio R(Ca) on (a) shrinkage after solvent-exchange
(open points) and after sc drying (filled points) and (b) density (open points) and specific
surface area (filled points) of pectin aerogels made from 3 wt% solutions at pH 3, non-solvent
was ethanol. The state of the matter before solvent exchange, solution (S) or gel (G), is

indicated for each case. Lines are given to guide the eye.

Specific surface areas of pectin aerogels decreased from around 600 to around 400 m?/g
with R(Ca) increase from 0 to 0.2, respectively (Figure 8b). The same trend for shrinkage,
density and specific surface area was also found at pH 2 (Figure S9 in the Supplementary
Material). It has to be noted that at pH 2 the addition of calcium had a smaller impact on
pectin aerogel properties as far as carboxyl deprotonation of galacturonic groups is lower at
pH 2 than at pH 3 [54].

The addition of calcium has a strong impact on pectin aerogel morphology, as shown on

the representative SEM images in Figure 9. The higher the R(Ca), the stronger the gels with
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less shrinkage and larger pores, from around 30-50 nm without calcium to 100 - 150 nm at
R(Ca) > 0.2. Similarly to acid gelation by lowering pH (see Section 3.3), calcium induced
gelation leads to better preservation of network morphology and of macropores, as observed
by SEM. Beyond R(Ca) = 0.2, the morphology of aerogels is quite similar, except that very
fast gelation at R(Ca) > 0.4 led to heterogeneities due to unevenly dispersed calcium ions. The
reason is that the maximum amount of calcium possible to be bound to pectin is around
stoichiometric ratio, 0.3 to 0.6 depending on pectin degree of methylation [45,55,56], which
corresponds to molar ratio R(Ca) from 0.15 to 0.3 as obtained above.

R(Ca) =

0 (no calcium)

e

R(Ca) = 0.05 R(Ca)= 0.2 R(Ca) = 0.6

N2y

Figure 9

SEM images of pectin aerogels made from 3 wt% solutions at pH 3 with calcium chloride at
R(Ca) = 0.05, 0.2 and 0.6. The scale is the same for all images. The state of the matter before

solvent exchange is indicated for each case. Non-solvent used was ethanol.

3.4. Effect of monovalent ions (NaCl) on pectin aerogel structure and properties

Monovalent metal ions also influence pectin solution viscosity and may induce solution
gelation [57-59]. Although ions as sodium cannot create ionic bonds with pectin, they
decrease electrostatic repulsions between dissociated carboxyl groups by screening [58,60].
This allows chains approaching each other and promotes hydrogen bonding and hydrophobic
interactions potentially leading to a sort of acid-induced gelation [58]. Here we demonstrate

the impact of the presence of sodium ions on pectin aerogel properties and morphology (see
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photos of aerogels in Figure S10 in the Supplementary Information). The molar ratio of
sodium to pectin R(Na) was varied from 0 to 2; at R(Na) > 1 (NaCl concentration 0.1 M)
strong turbid gels were obtained.

Figure 10a shows samples’ shrinkage as a function of sodium to pectin molar ratio for
solutions of 3 wt% at pH 3. As for the case of the addition of calcium (Figure 8a), the
presence of sodium ions resulted in lower shrinkage due to solution gelation. As a
consequence, the increase in sodium concentration led to pectin aerogel lower density, from
of 0.114 +0.007 g/cm?® at R(Na) = 0 to 0.069 + 0.001 g/cm? at R(Na) = 2 (Figure 10b), higher
porosity and pore volume (Figure S11 in the Supplementary Information). Specific surface
area (Figure 10b) decreased with the increase of R(Na), also as in the case of the addition of
calcium. Similar trends were recorded for pectin aerogels made from higher pectin

concentration, 6 wt% (Figure S12).
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Figure 10

Influence of sodium to pectin molar ratio R(Na) on (a) shrinkage after solvent exchange (open
points) and after drying (filled points) and (b) density (open points) and specific surface area

(filled points) of pectin aerogels made from 3 wt% solutions at pH 3, non-solvent was ethanol.
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The state of the matter before solvent exchange, solution (S) or gel (G), is indicated for each

case. Lines are given to guide the eye.

The morphology of pectin aerogels depends on sodium concentration, see Figure 11. Non-
gelled aerogel, in the absence of sodium, has compact morphology with the majority of
mesopores while at R(Na) = 2 the morphology is similar to that in the presence of calcium,

with rather large macropores.

No ion R(Na) = 0.2 R(Na) =1 R(Na) =2
'Solut,ipn';,’ & ‘ ¢ ot '
e P

.

Figure 11
SEM images of pectin aerogels made from 3 wt% solutions at pH 3 with NaCl at R(Na) =0, 1
and 2. The scale is the same for all images. The state of matter, solution or gel, is indicated for

each case. Non-solvent was ethanol.

4. Discussion

The results presented above on the influence of pH and concentration of di- and
monovalent metal ions on pectin aerogel morphology and properties show that the main factor
governing aerogel characteristics is the mechanism of structure stabilization, or, in other
words, the state of matter before solvent exchange, solution or gel. Gelation, whatever is the
mechanism, leads to lower shrinkage upon the addition of non-solvent and sc drying and thus
to aerogels with lower density and lower specific surface area, as macropores are preserved.
When a non-solvent is added to non-gelled pectin solution, phase separation occurs (also
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known as “immersion precipitation”) leading to a strong contraction of macromolecules. The
particularity of polysaccharides is that above the overlap concentration coagulated pectin still
forms porous 3D network structure. This network continues contracting during drying
because of a huge difference in polarity of water-soluble pectin and highly apolar CO,. Due to
high volume shrinkage the density of aerogels increases (but still remains low, below 0.2
g/cm?) and specific surface area increases as macropores disappear.

An example of how pectin aerogel morphology and properties can be tuned by varying pH
and calcium concentration is shown in Figure 10, where aerogel characteristics are modified
with pH (below pKa) and with calcium at R(Ca) = 0.2 (concentration 0.020 mM). Strong gels
were obtained either by acid-induced gelation at pH < 1.5, or by ionic gelation with addition
of calcium at pH close to pectin pKa[43], both resulting in low-density pectin aerogels (= 0.05
g/cm?) with specific surface area around 300 — 450 m?/g. At pH close to pKa = 3 - 3.5 and
without calcium, non-gelled pectin solutions consisting of dissociated chains were obtained,
leading to aerogels with more than twice higher density (around 0.12 — 0.14 g/cm?®) and high
specific surface area (560 - 590 m#/g) as compared to low pH. The closer pH was to pKa, the
more significant was this difference between samples with or without calcium, gels vs

solutions, respectively.
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(a) Density and (b) specific surface area of pectin aerogels made from 3 wt% solution in
absence (filled symbols ) or with addition of calcium at R(Ca) = 0.2 (empty symbols) at
different pH. At pH 3.5 gelation in the presence of calcium was too quick to obtain a
homogeneous sample. The state of the matter before solvent exchange, solution (S) or gel (G),

is indicated for each case. Dashed lines are given to guide the eye.

The second factor governing pectin aerogel morphology (less important than the state of
matter but still noticeable) is the type of gelation mechanism, acid vs ionic gelation. Here we
only compare aerogels obtained from gelled solutions. One example is shown in Figure 10 for
the case R(Ca) = 0.2: at low pH gelation is mainly acid-induced and at pH around 3 it is ionic.
At low pH pectin chains interact by assembling their non-dissociated galacturonic acid
domains into intermolecular junction zones involving successive physical bonds. The latter
are formed due to hydrogen and hydrophobic interactions. At low pH pectin ionization is very
low, and thus acid-induced gelation is relatively unaffected by the addition of calcium.
Because acid-induced gelation is a cooperative reaction, aerogel morphology is rather

heterogeneous, with large pores and “blocks” of agglomerated chains (see SEM image in
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Figure 10 at pH 1.5 and R(Ca) = 0.2). At pH around 3 — 3.5 ionic gelation occurs: aerogel
density is the same as for acid-induced gelation (Figure 10a) but the morphology is much
more homogeneous due to highly dissociated separated chains (see SEM image in Figure 10b
at pH 3 and R(Ca) = 0.2). In this case specific surface area is higher than that at pH 1 — 1.5,
450 m?/g vs 290 m?/g, respectively, reflecting the larger fraction of mesopores which can also
be seen on SEM images (Figure 10b).

Another example illustrating the influence of the type of gelation mechanism on aerogel
morphology is shown in Figure 11 for the case of ionic (calcium-induced) vs acid (sodium
induced) induced gelation. The first one results in ionic bonding between pectin chains [22],
whereas the latter leads to screening of negative charges allowing acid gelation. The effect of
the addition of sodium ions on gelation and pectin aerogel morphology and properties is
similar to what was observed for calcium ions, but sodium cations had to be added in much
higher concentration than calcium to influence the state of matter and aerogel properties.
When calcium is added, strong gels are formed from 3 wt% solutions at very low ion
concentration, R(Ca) = 0.2. On the contrary, at R(Na) < 1 weak gels are formed, resulting in
higher density (Figure 11a) and higher specific surface area (Figure 11b); this case resembles
non-gelled solutions. However, when R(Na) is ten times higher than calcium molar
concentration, R(Na ) =2, acid gelation occurs leading to strong gels and aerogels with low

density and rather low specific surface area, similar to those formed via ionic gelation.
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to guide the eye.

The correlation between the state of the matter and aerogel density and specific surface

area is summarized in Figure 12. Overall, density and specific surface area increase from

roughly 0.05 g/cm? and 300 m?/g to 0.15 g/cm?® and 600 m?/g, respectively, with the following

evolution of the state of the matter before solvent exchange: strong gels — weak gels — high

viscosity solutions — low viscosity solutions. Figure 12 shows results only for aerogels made

from 3 wt% solution with non-solvent ethanol; the properties can be tuned even more if

varying pectin concentration and non-solvent. A schematic presentation of structure evolution

from pectin solution to aerogel, involving either gelation or phase separation, is shown in

Figure 13. We hypothesize that this approach may be valid for other gelling polysaccharides

such as carrageenans and alginate.
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Schematic presentation of two main ways of structure formation, from solution to aerogel

5. Conclusions

Low methylated pectin aerogels were synthesized and characterized. A systematic
variation of the external parameters (pH, polymer concentration, type of non-solvent,
concentration of mono- and polyvalent metal ion salts) allowed modulating solution viscosity
and gelation mechanisms, which in turn influenced aerogel structure and properties. The
density of pectin aerogels varied from 0.05 to 0.15 g/cm? and specific surface are from 270 to
600 m?/g.

Strong ionic gels formed in the presence of calcium around pectin pKa “resisted” shrinkage
during solvent exchange and drying. As a result, aerogels with high proportion of macropores,
low density, around 0.05 g/cm?®, and rather low specific surface area, around 300 m?/g, were
formed. Aerogels with similar morphology and density were obtained at low pH: solutions
gelled due to hydrogen bonding between protonated carboxyl groups and hydrophobic
interactions between methylated groups. The increase of pH led to carboxylate groups’
ionization preventing gelation. The state of the matter before solvent exchange was solution
and pectin network was formed during solvent exchange, via non-solvent induced phase
separation (or coagulation). In this case shrinkage during solvent exchange and sc drying was
high as far as 3D structure was not “stabilized”. The resulting pectin aerogels were
mesoporous, of density around 0.12 -0.15 g/cm? and high specific surface area, around 600
m2/g. Weak gels were formed upon the addition of sodium salt which was screening the
electrostatic repulsion between charged carboxylates and leading to aerogels with properties
intermediate to those described above. The mechanism of structure stabilization, i.e. gelation
or non-solvent induced phase separation, was shown to be the key parameter controlling

aerogel structure and properties.
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Figure Captions
Figure 1
Photos of pectin aerogels from 3 wt% solutions prepared in different conditions at pH 1.5, pH
2.0 and 3.0, without the addition of salts and with addition of calcium at R(Ca) = 0.2. Without
calcium at pH 1.5 the sample before solvent exchange was weak acid gel, at pH 2.0 it was
high viscosity solution and at pH 3.0 low viscosity solutions. At R(Ca) = 0.2 strong ionic gels
were obtained at all pH. Non-solvent was ethanol.
Figure 2
Density (a) and specific surface area (b) as a function of pectin concentration for solvent
exchange performed in ethanol (open points) and acetone (filled points). Pectin was dissolved
at pH 3.0, the state of the matter before solvent exchange, solution (S) or gel (G), is indicated
for each case. Solid line is theoretical density for no-shrinkage case; dashed lines are given to
guide the eye.
Figure 3
SEM images of pectin aerogels made from 3 wt% and 6 wt% pectin solutions at pH 3, with
ethanol (a) or acetone (b) as non-solvent.
Figure 4
Viscosity as a function of shear rate of 0.9 wt% pectin solutions at different pH at 20 °C.
Solid lines correspond to viscosity approximated with Cross model.
Figure 5
Zero shear rate viscosity (squares) and flow index (triangles) (see eq.4) of 0.9 wt% pectin
solutions as a function of pH at 20 °C. Dashes lines are given to guide the eye.
Figure 6
Influence of pH on (a) volumetric shrinkage after solvent exchange (open points) and after sc-

drying (filled points) and (b) density (open points) and specific surface area (filled points) of
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pectin aerogels made from 3 wt% solutions. The state of the matter before solvent exchange is
noted “G” for gel, the rest are solutions. Non-solvent used was ethanol. Dashed lines are
given to guide the eye.

Figure 7

SEM images of pectin aerogel morphology made from 3 wt% solutions at different pH. The
state of the matter before solvent exchange is indicated for each case. Non-solvent used was
ethanol. The scale is the same for all SEM images.

Figure 8

Influence of calcium to pectin molar ratio R(Ca) on (a) shrinkage after solvent-exchange
(open points) and after sc drying (filled points) and (b) density (open points) and specific
surface area (filled points) of pectin aerogels made from 3 wt% solutions at pH 3, non-solvent
was ethanol. The state of the matter before solvent exchange, solution (S) or gel (G), is
indicated for each case. Lines are given to guide the eye.

Figure 9

SEM images of pectin aerogels made from 3 wt% solutions at pH 3 with calcium chloride at
R(Ca) = 0.05, 0.2 and 0.6. The scale is the same for all images. The state of the matter before
solvent exchange is indicated for each case. Non-solvent used was ethanol.

Figure 20

Influence of sodium to pectin molar ratio R(Na) on (a) shrinkage after solvent exchange (open
points) and after drying (filled points) and (b) density (open points) and specific surface area
(filled points) of pectin aerogels made from 3 wt% solutions at pH 3, non-solvent was ethanol.
The state of the matter before solvent exchange, solution (S) or gel (G), is indicated for each
case. Lines are given to guide the eye.

Figure 11
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(a) Density and (b) specific surface area of pectin aerogels made from 3 wt% solutions pH 3.0
with either calcium (filled symbols) or sodium (open symbols), as a function of R molar ratio.
The state of matter solution (“S™) or gel (“G”) is given for each case. Dashed lines are given
to guide the eye.

Figure 12

Density and specific surface area of pectin aerogel made from 3 wt% solutions, non-solvent is
ethanol.

Figure 13

Schematic presentation of two main ways of structure formation, from solution to aerogel
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Appendix A:

Supplementary Information

Tuning structure and properties of pectin aerogels

Sophie Groult, Tatiana Budtova*

Figure S1
Reduced viscosity of pectin solution in 0.01 M NaCl at 26.6 °C. Solid line is linear
approximation. The intersection with Y axis gives intrinsic viscosity.
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Figure S2
Volumetric shrinkage AV after solvent exchange (triangles) and after sc drying (circles) as
a function of pectin concentration. Pectin was dissolved at pH 3; non-solvent was either
ethanol (open points) or acetone (filled points). The errors are smaller or of the size of
symbols. The state of matter before solvent exchange, solution (S) or gel (G), is indicated for

each case. Lines are given to guide the eye.
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Figure S3
Comparison of (a) density and (b) specific surface area of pectin aerogels made from 3 wt%

solution at pH 2 and 3, using either ethanol (open) or acetone (filled) as the non-solvent.
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Figure S4

(a) Pectin aerogel porosity and (b) specific pore volume of the same samples as shown in
Figure 2, with either ethanol (open) or acetone (filled) points as non-solvent. Lines are given

to guide the eye.
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Figure S5

High magnification SEM image of pectin aerogel made from 3 wt% pectin using acetone as

non-solvent. Fibril thicknesses D (in nm) were estimated using SEM software.

Table S1

Fitting parameters for flow curves (Figure 4) according to eq.4

pH 1.6 2 2.5 2.7 3 3.5 4 6 8
n 0.5824 | 0.5556 | 0.5562 | 0.5016 | 0.4519 | 0.3606 | 0.0116 | 0.0110 | 0.0100
n, (Pas) | 0.7262 | 0.4202 | 0.2240 | 0.0810 | 0.0546 | 0.0394 | 0.0226 | 0.0252 | 0.0254
o (S) 0.2507 | 0.1279 | 0.0378 | 0.0046 | 0.0012 | 0.0005 | 0.0048 | 0.0043 | 0.0046
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Figure S6
(@) Porosity and (b) pore volume of pectin aerogels (same as in Figure 6) made from 3 wt%
solutions at different pH, non-solvent was ethanol. The state of the matter before solvent-

exchange is noted “G” for gel, the rest are solutions.
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Figure S7

Pectin aerogels made from 3 wt% dissolved at pH 3, with increasing R(Ca) from 0 to 0.6,
non-solvent was ethanol. The state of matter before solvent exchange, solution (S) or gel (G),

is indicated for each case.
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Influence of calcium to pectin molar ratio on (a) porosity and (b) pore volume for pectin

Figure S8

aerogels made from 3 wt% at pH 3 (same as in Figure 8), non-solvent was ethanol. The state

of matter before solvent exchange, solution (S) or gel (G), is indicated for each case.
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Figure S9
Density (open points) and specific surface area (filled points) of pectin aerogels made from 3
wit% solutions at pH 2 as a function of calcium to pectin molar ratio R(Ca). The state of the
matter before solvent exchange, solution (S) or gel (G), is indicated for each case. Non-

solvent was ethanol. Lines are given to guide the eye.
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Figure S10

Photos of pectin aerogels made from 3 wt% solutions at pH 3 with different amount of NaCl
added. Samples were solutions at R(Na) = 0.2 and strong gels at R(Na) = 1 and R= 2. Non-

solvent was ethanol.
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Figure S11
Influence of sodium to pectin molar ratio on (a) porosity and (b) pore volume for pectin
aerogels made from 3 wt% at pH 3 (same as in Figure 10). The state of the matter before
solvent exchange, solution (S) or gel (G), is indicated for each case. Non-solvent was ethanol.

Lines are given to guide the eye.
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Figure S12

Influence of sodium to pectin molar ratio R(Na) on (a) shrinkage after solvent exchange (open

points) and after drying (filled points) and (b) density (open points) and specific surface area

(filled points) of pectin aerogels made from 6 wt% solutions at pH 3, non-solvent was ethanol.

The state of the matter before solvent exchange, solution (S) or gel (G), is indicated for each

case. Lines are given to guide the eye.
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