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Hydrocolloid-forming polysaccharides are natural polyelectrolytes able to form stable hydrogels
largely used in the food and pharmaceutical industry. Gelling polysaccharides derived from
seaweeds or wastes of the seafood industry include polymers with several functional groups:
alginates (carboxylic groups), carrageenans (sulfonic groups) and chitosan (amino groups).

This article deals with suitable methods to prepare dry materials which retain the dispersion of
the polymer hydrogel, namely polysaccharide aerogels. The materials whose properties are
herewith described satisfy most of the appropriate requirements for heterogeneous catalysts and
supports: they are stable in most organic solvents, present a high surface area and diverse
accessible surface functionalities. Their application as catalysts, catalyst supports or adsorbents

provide a new opportunity to obtain useful materials from one of the less energy-intensive sources

of biomass.

Introduction

The introduction of renewable resources in the production of
catalyst supports and adsorbents is only possible if the materi-
als intended to replace oil-derived or energy-intensive solids
present adequate properties, such as high surface area, appro-
priate surface chemistry and porosity, thermal and chemical
stability, and low cost. The purpose of this perspective is to
show at which extent aerogel formulation of hydrocolloids
from seaweeds and seafood wastes renders them suitable for
applications as high-surface area materials.
Hydrocolloid-forming polysaccharides are natural polyelec-
trolytes able to gelify water when added in tiny amounts.
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Hydrogels containing 1-2% polymer and 98-99% water can
be shaped as self-standing spheres or films with good mechanical
stability. This property is at the basis both of their natural
function as water-storage agents for living organisms as well as
of their main application as thickening agents for the food
industry. The dispersion of the hydrophilic polysaccharide
chains in the hydrogels render them easily exchangeable, and
the variety of their functional groups can be put to advantage.
Natural polysaccharides available on industrial scale include
polymers with anionic functions, such as alginates (carboxylic
groups) or carrageenans (sulfonic groups) derived from seaweed,
or with cationic functions, such as chitosan (amino groups),
obtained by deacetylation of chitin from seafood shells or fungi
(schematic representation of the monomers in Fig. 1). Their
availability in nature is virtually unlimited and industrial pro-
cesses for their extraction already run at the plant scale. The
present annual production of seaweed-extracted polysaccharides
is 45000 t y~'.! Seaweeds are probably the least energy-intensive
sources of biomass whose production can be easily increased
without competition with existing food resources.”
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Fig. 1 Repeating units of chitosan, alginate and k-carrageenan.

The first application of polysaccharide hydrogels in catalysis,
as support for enzymatic catalysts, is stemmed from their wide-
spread use as growth media for bacterial growth. At present,
alginates and carrageenans are the main enzyme supports in the
brewing industry and for bio-labelled laundry powders.! More
recently, natural polysaccharides have been tested as supports
for metal catalysts.>* They satisfy most of the appropriate
requirements, as they are stable in most organic solvents and
present numerous and diverse surface functionalities. The inter-
actions of the functional groups with water reduce their effec-
tiveness as catalysts in aqueous media. However, the use in
catalysis of dried polysaccharide gels has suffered from diffusion
limitations, due to the low surface area of the dried materials
generally used, xerogels or cryogels.’ Although the specific
surface area is of major importance for a catalyst support, very
few attempts to increase this parameter were reported in the
literature. Clark and co-workers®® described the use of ex-
panded corn starch for liquid phase organic reactions. These
authors formed an expanded starch gel network by gelatinisa-
tion in hot water, then by ageing the sample several weeks at low
temperature and drying it through an organic solvent. Surface
areas close to 200 m? g~ were thus achieved.

In this perspective, we accept the common definition of
xerogel as a hydrogel which has shrunk to a virtually non-
porous state, while an aerogel is a gel which has been dried
retaining the dispersion of the wet state. Evaporative drying
methods bring about the collapse of the gel structure and do
not allow preserving the accessibility of the functional groups.
The technique of supercritical drying allows to avoid shrink-
age of the gels and has already brought several breakthroughs
in other fields of the materials science, e.g. for silica-based

H 0a ONa H y H
0 0
0
HO
» 8
H H H

adsorbents, insulation materials, optical fibers or the prepara-
tion of carbon precursors.”!® In the case of polysaccharides,
supercritical drying was originally used to prepare samples for
electron microscopy.'! Quite curiously, the investigation of the
surface properties and of the applications of the polysacchar-
ide aerogels as materials has only started in very recent years.

Polysaccharide hydrocolloids
Alginates

Alginates are a family of polysaccharides mainly produced by
brown algae. They are constituted of (1 — 4) linked B-p-
mannuronic (M) and o-L-guluronic (G) residues (Fig. 2),
according to three types of sequences (M),,,, (G),, and (M, G),.
Alginates differ by their M/G ratio. They are extensively used
for the entrapment of biologically active materials.'?

Most applications of alginates in drug release systems'* and
as supports in biocatalysis are based on their ability to form
heat-stable strong gels with divalent or trivalent cations.
Monovalent metal ions form soluble salts with alginate
whereas divalent or multivalent cations, except Mg”, form
gels. Cations show different affinity for alginate, and selective
ion binding is the basis for the ability of alginate to form
ionotropic hydrogels. The properties of the alginate gels are
affected by the ratio and sequencing of uronic monomers,'*
the concentration of cations in the maturation bath and the
time of maturation.'>!® Alginates with high guluronic content
give gels with a higher strength than alginate with high
mannuronic content. This was attributed to the stronger
affinity of the guluronic residues for divalent cations.!” '
The structure of the ionotropic alginate gels has been de-
scribed by the so-called “‘egg-box model”, in which each
divalent cation is cooordinated to the carboxyl and hydroxyl
groups of four guluronate monomers from two adjacent
chains of the polymer.?®** This structure, shared by other
polysaccharide such as pectates, confers a high rigidity to the
parallel aggregates of polymer chains.

A less frequently cited method to form an alginate gel is to
lower the pH of a sodium alginate solution. The alginic acid
gels formed in this way have been known and used since a long
time,'*?* but the understanding of these gels has been poor, as
compared to the more extensively studied ionotropic gels. The
effects of chemical composition and molecular weight on gel
strength and gelling kinetics were studied.!” Acidic gels, such
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Fig. 2 Bonding of the alginate repeating units: (M) mannuronate and (G) guluronate.
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as ionotropic gels, present a higher mechanical strength for a
high guluronic content. Small-angle X-ray scattering (SAXS)
suggested the formation of junction zones with a high degree
of multiplicity.?>

Carrageenans

Carrageenans are a group of natural polysaccharides extracted
from red marine algae (Rhodophyceae). Their structure is
constituted of a linear chain of alternating (1— 3)-linked
a-galactose-4-sulfate and (1—4)-linked 3,6-B-anhydrogalac-
tose.>” They come in three major types designated by means
of the Greek letters k, 1 and A. The main structural difference
among them is in the sulfate group degree of substitution.
Among them, k-carrageenan only bears one negative charge
per disaccharide unit. Furthermore, it presents the best proper-
ties of the three types of carrageenan for gelation.”® The details
of the mechanism of the salt-induced gelation continue to be a
matter of debate, although there is general agreement on a two-
steps mechanism of gelation implying a coil-to-helix transition
followed by a rapid aggregation of helices. Helix formation and
gelation are cation-specific. Some monovalent cations, such as
potassium, rubidium and caesium, strongly promote the gelation
of x-carrageenan.’* Gel beads may be formed by dropping a
solution of K-carrageenans into a cation solution. Due to the
easy implementation of this soft immobilization technique,
K-carrageenans beads are often used as a matrix to entrap
molecules of biological significance,*'** such as food products,
enzymes, whole microbial, plant or animal cells. The loaded
beads are then used as immobilized biocatalysts or for controlled
release of entrapped molecules of pharmaceutical interest.

Chitosan

Chitosan, obtained by deacetylation of chitin (poly-B-(1,4)-
acetylglucosamine) from seafood industry wastes (squid pens
or crab shells), is a linear copolymer of linked B-(1,4)-gluco-
samine. Deacetylated chitin is defined as chitosan when its
degree of deacetylation is beyond 60%.3*3° The degree of
deacetylation and molecular weight of chitosan influence all
the physico-chemical properties, solubility, viscosity and can
determine the field of application of chitosan.

The interest for chitosan stems from its applications in
biomaterials, drug-delivery systems,*®>” food additives, water
clarification, and as support for cells and enzymes.*® Chitosan
can form either chemical or physical hydrogel.***’ Chemical
hydrogels are formed by irreversible covalent links, as in
crosslinked chitosan hydrogels. Physical hydrogels are formed
by various reversible links, as in ionically crosslinked hydro-
gels and polyelectrolyte complexes, or in entangled gels. The
latter are formed by solubilisation of chitosan in an acidic
aqueous medium, and precipitation in an alkaline solution,
which is the simplest way to prepare a chitosan hydrogel.

Several methods have been used to modify chitosan either
physically,*** or chemically,** *® in order to improve its
mechanical or chemical stability, hydrophilicity and metal
sorption capacity. Chitosan functionalization relies on the
nucleophilicity of the amine group. It readily reacts with
electrophilic reagents such as aldehydes,*’ acid chlorides,*
acid anhydrides and epoxides.*” The most straightforward

route to functionalize primary amine containing materials is
the reaction with an aldehyde to form an imine (Schiff base
formation).’*! These materials were used for the reduction of
chromate,*? phenol,>*>* and nitroaromatic compounds.>>*°
Functionalisation of chitosan has provided catalysts for
cyclopropanation of olefins,”’ oxidation of alkylbenzene,>®
Suzuki and Heck reactions.”® A recent review summarized
the main advances in this field published in recent years.
The amino groups of chitosan provide it with the highest
chelating ability among the natural polymers obtained from
seafood wastes and natural substances.” The high exchange
capacity of the hydrogels has allowed to introduce large
amounts of transition metals but shrinkage during evaporative
drying has severely limited the accessibility of the metal particles.

Experimental

The preparation of polysaccharide aerogels implies several
steps. The first step is the formation of a hydrogel by reaction
of a polymer solution with a gelling agent. The procedures
used for (a) the preparation of hydrogels (for several poly-
saccharides), and (b) the preparation of aerogels (using CO,
supercritical drying) are successively described.

Preparation of alginate beads

Sodium alginate is dissolved in distilled water at a concentra-
tion of 2% (w/w). The polymer solution is added dropwise at
room temperature to a stirred CaCl, or CuCl, (Aldrich)
solution (0.24 M) using a syringe with a 0.8 mm diameter
needle. The microspheres are cured in the gelation solution
for 15 h.

Preparation of carrageenan beads

A 2.5% (w/w) x-carrageenan stock solution is prepared by
dispersing k-carrageenan (eucheuma cottonii Sigma 90%) in
ultrapure water at 80 °C for 30 min. The principle of bead
formation is the thermo- and ionotropic gelation of k-carra-
geenan hot droplets added into a cold saline (KCI) solution.
The 2.5% stock solution of k-carrageenan thermostated at
80 °C is added dropwise into a 0.6 M KCI solution at 5 °C
under stirring using a syringe with a 0.8 mm diameter needle.
The gel beads are aged for 12 h in this solution at 5 °C without
stirring and finally washed with cold water.5!

Preparation of chitosan beads

Aqueous solutions of chitosan are obtained by dissolving 2.5 g
of chitosan in 100 mL of a solution of 0.055 mol L™" acetic
acid. Two types of chitosan have been used: one from a-chitin
from crab shell (Aldrich, degree of acetylation of 8%, mole-
cular weight 700000 g mol™') and one from P-chitin from
squid pen (Mahtani Chitosan PVT, degree of acetylation 5%,
molecular weight 200000 g mol~'). Each solution is added
dropwise into a NaOH solution (4 M) through a 0.8 mm
syringe needle. The chitosan beads are stored in the alkaline
solution for 2 h, and then filtered off and washed with water.

Supercritical drying

The microspheres are dehydrated by immersion in a series of
successive ethanol-water baths of increasing alcohol
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Fig.3 Optical and SEM images of hydrogel (first column) and aerogel spheres (second column) and of cross-sections of aerogel spheres (third and
fourth columns) of Cu-alginate (row a), chitosan (row b) and carrageenan (row c).

concentration (10, 30, 50, 70, 90 and 100%) for 15 min each.?
Finally, the microspheres are dried under supercritical CO,
conditions (74 bar, 31.5 °C) in a Polaron 3100 apparatus.

Characterization of the solids

Scanning electron micrographs of the aerogel beads were
obtained using a Hitachi S-4500 apparatus. N, adsorption
isotherms have been measured on a Micromeritics ASAP 2010
apparatus on samples outgassed at 50 °C. Surface areas were
measured by the BET method by assuming a molecular area of
N, of 0.162 nm?. Mesopore size distributions have been
evaluated from the desorption curves by the correlation of
Broekhoff and de Boer for cylindrical pores.®® The availability
of reference silicas with mesopores of known size and DFT
calculations have shown that this method provides more
reliable results than the traditional BJH method.®*®* In the
size range of the pores of polysaccharide aerogels, the BJH
method underevaluates pore size by about 30%.

The total pore volume of the aerogels has been evaluated by
their mass/volume ratios. The macropore volume has been
calculated as the difference between total pore volume and
mesopore volume.

From hydrocolloids to porous materials

The method of drying of the hydrocolloid controls the proper-
ties of the dried material. In the case of evaporative drying,
most secondary structures of the hydrogels are compliant
enough to be drawn together by capillary tension. In this case,

the xerogel formed is virtually non-porous and has the same
density of the dried polysaccharide.®¢’

Among the alternative drying methods, freeze drying is
largely applied in the pharmaceutical and food industry to
reduce water activity and the susceptibility of the materials to
bacterial attack. Freeze-drying usually allows to retain the
volume of the hydrogel, as, for instance, in the case of alginate
microbeads formed in a water/liquid CO, emulsion.®® How-
ever, the secondary structures of the gels are extensively
altered by the growth of ice crystals before the sublimation
step.®>"® Fast-freezing and pressure-freezing methods allow a
better preservation of the fine structure of the gels. However,
also in these cases significant structural damage can be
observed for samples of thickness higher than a tenth of
millimeter.”"

Drying by supercritical CO, is an effective method to retain
the structure of hydrogels. In the case of polysaccharides, the
effectiveness of the drying method depends on the mechanical
properties of the polymer. Optical and SEM pictures of beads
of several polysaccharide hydrogels (Ca-alginate, chitosan
from o-chitin, and k-carrageenan) and the corresponding
aerogels are reported in Fig. 3. It can be observed that the
beads of alginate aerogel are slightly smaller than the beads of
the parent hydrogel, while the formation of the aerogel has
induced a significant shrinkage of the beads of chitosan and
especially of the carrageenan hydrogel.

The micrographs of the cross-section of the aerogel beads
reported in Fig. 3 provide some further information on the
structure of the material. The distribution of the polymer is
quite homogeneous through the beads of aerogel, except a
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Fig. 4 N, sorption isotherms at 77 K for Ca-alginate (O), chitosan
(A) and carrageenan (A) aerogels. The isotherms are shifted by
200 cm® g~! for clarity.

slightly denser outer crust formed when the parent drop of
polysaccharide solution has contacted the solution of the
gelling agent.”> At higher magnification, it can be observed
that the alginate and chitosan aerogels present a network of
isolated fibrils which corresponds to the structure of the
polymer in the parent hydrogel. As a consequence of its severe
shrinkage, the carrageenan aerogel presents a more compact
structure, with cavities in the size range of mesopores (smaller
than 50 nm).

The decrease in gel volume during the preparation of the
aerogel is reported in Table 1 for the three different polysac-
charide materials. The shrinkage of alginate hydrogels during
the aerogel preparation induces a 7% decrease in bead size,
corresponding to a 20% decrease in gel volume. The shrinkage
takes place essentially in the alcohol exchange of the hydrogel
and is negligible during the CO, supercritical drying of the
alcogel.®® Other polysaccharides present a more substantial
shrinkage when submitted to the same procedure of super-
critical drying. The likely explanation for this effect is the
flexibility of the polymer structures in the gel. The entropic
effect due to the presence of a solvent allows to keep the
polymer strands well apart in the hydrogel. Upon drying, the
enthalpic advantage of a reduction of the exposed surface is
high enough to draw together the strands of the most flexible
polymers, also in the absence of the tension of a solvent
meniscus. The rigidity of the alginate fibrils is high enough
to resist this effect, probably due to the peculiar egg-box
structure which rigidifies the aggregates of parallel polymer
chains.

02
E 015
- \
& | \
& 005 3 ¥l
= '.,.»cj:r--‘fké\g\\?\
0 T T = _ﬁ—iﬂ___
0 10 20 30 40 50

Oinm

Fig. 5 Pore size distributions for Ca-alginate (O), chitosan (A), and
carrageenan (A) aerogels.

If the pore size of the hydrogels is currently measured by
diffusion methods,” the pore size of the aerogels can be
measured by equilibrium methods. Intrusion mercury porosi-
metry is the most common method to evaluate the size of
macropores (pores larger than 50 nm) but this technique
requires the application of high pressure levels and the inter-
pretation of the results can be questioned in the case of flexible
or fragile solids, such as polymers and aerogels.”*”” The size
of mesopores (pores with size between 2 and 50 nm) is usually
evaluated by adsorption volumetry. This technique provides
useful pore size values if it is taken into account that most
methods of pore size evaluation are calibrated on cylindrical
pores and can provide biased results for pores of different
geometry.’® It has also been observed that compliant materials
can somewhat bend upon the traction of liquid nitrogen
menisci.”-%°

The N, adsorption—desorption isotherms of the three poly-
saccharide aerogels are reported in Fig. 4. All the isotherms
are type IV, with a significant hysteresis corresponding to the
presence of mesoporosity. No significant microporosity is
observed. The mesopore size distributions for the three mate-
rials are reported in Fig. 5 and the textural data calculated
from the isotherms are reported in Table 1. Alginate and
chitosan aerogels present broad mesopore distributions with
no evidence of continuity with macroporosity (beyond 50 nm).
Carrageenan aerogel presents a narrower mesopore distribu-
tion centered around 19 nm.

The mesopore volume from the N, sorption isotherms can
be compared with the macropore volume calculated from the
volume and the mass of the aerogel beads. The data, reported
in Table 1, indicate that the mesopore volume represents a tiny
fraction of the total volume of alginate and chitosan aerogels.
The micrographs of Fig. 3 clearly indicate that the main

Table 1 Textural properties of polysaccharide aerogels and volume shrinkage in the aerogel preparation

Polysaccharide Volume Surface Average Mesopore volume/ Macropore volume/
aerogel shrinkage (%) area/m> g~ ! pore size/nm em® gt em® gt
Ca-alginate 20 570 1.16 38

Chitosan 60 330 0.40 15

k-Carrageenan 95 200 0.76 0
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Fig. 6 Influence of the guluronate/mannuronate ratio and ripening time on (left) the surface area and (right) the mesopore volume of Ca-alginate
aerogels. Guluronate fraction: 74% (), 45% (A), and 20% (O). The lines are guides for the eye.

porosity of these materials is in a size range larger than 50 nm,
beyond the limits of detection by N, sorption. In these
materials, the mesoporosity can to be attributed to widely
spaced zones of contact between fibrils and the aerogels have
to be considered as macroporous.

The aerogel of carrageenan presents a completely different
texture. The mesopore volume corresponds to the whole
porosity of the material (see Table 1), in good agreement with
the micrograph of a cross-section of the aerogel (Fig. 3), in
which only cavities smaller than 50 nm are visible. In this case,
the pores correspond to residual cavities which are still
accessible after a nearly complete collapse of the hydrogel
structure.

It can be observed that the macroporous aerogels of alginate
and chitosan present a high surface area (see Table 1). If the
surface area is attributed to the outer surface of the isolated
fibrils which constitute the materials, the average size of the
fibrils can be evaluated at 40 A for the Ca-alginate aerogel and
100 A for the chitosan aerogel. If it is assumed that the
polymer chains in the fibrils are essentially oriented in the
direction of the fibril axis and present the same cross-section as
the crystallized polymer,®'3* it is possible to calculate an
average number of chains per fibril: 32 for the Ca-alginate
aerogel and 170 for the chitosan aerogel.

Control of the structural properties
Alginate

If we consider that the aerogel is the image on the dried state of
the parent hydrogel, the parameters which modify the disper-
sion of the hydrogels also affect the textural properties of the
aerogel. As described previously, the properties of the alginate
gels are affected by the ratio and sequencing of uronate
monomers (mannuronate or guluronate),'* the concentration
of cations in the gelling bath and the time of ripening in the
gelling solution.'>!®

The first parameter, the ratio and sequencing of uronic
monomers is in fact controlled by the natural source of the
polymer. The aerogel from guluronate-rich alginates presents
a more compact nanostructure than the mannuronate-rich
sample,®® in agreement with the better mechanical properties
of guluronate-rich hydrogels.'* Velings and Mestdagh studied

the kinetics of gelling of a mannuronate-rich Ca-alginate and
found that the hydrogels reached stable mechanical properties
after some hours ripening in the gelling solution.'® The evolu-
tion of the surface area of Ca-alginate aerogels with the
ripening time in a 0.24 M Ca®" solution is reported in Fig. 6
for three alginates with different guluronic ratios. It can be
observed that after 15 h ripening the aerogels present a
common stable value of surface area (about 350 m? g~
independently of their guluronic content. This common value
is reached in different ways for alginates with different gulur-
onate content. The aerogels of mannuronate-rich alginate
increased with ripening time and reached the final value after
about 6 h, in good agreement with the gelling kinetics of
Velings and Mestdagh. Quite curiously, the surface area of the
aerogels of the guluronate-rich alginates reached a maximum
of more than 500 m> g~' at 3 h ripening time and decreased
towards 350 m? g~ ' for longer ripening time. This result
suggests that the organisation of the guluronic-rich hydrogels
passes through an intermediate state which is more dispersed
that the final one.

The surface area is related to the size of the fibrils which
form the aerogel. For a gelling time of a few hours, the surface
area of the aerogel is virtually independent from the composi-
tion of the alginate. For longer gelling time, the surface area of
the most mannuronate-rich sample (20% guluronate fraction)
remains stable at 300-350 m> g~'. In the case of the samples
with higher guluronate content, the surface area increases with
the time of gelling up to a maximum of 600-700 m> g~ ' at 15 h
and decreases for longer gelling time. This behaviour is
probably due to the interplay of the parameters affecting the
size of the fibrils in the hydrogel and their coalescence in the
drying process. Probably, increased gelling time allows the
guluronate-rich samples to develop a better resistance to fibril
coalescence, with a corresponding increase of the surface area
of the aerogel. It is likely that coalescence of fibrils in the
hydrogel itself accounts for the decrease of surface area for
gelling time longer than 15 h.

The mesopore volume of the aerogel provides information
on the regions in which the distance between aerogel fibrils is
lower than about 50 nm. The mesopore volume depends on
the composition of the alginate in a much more critical way
than the surface area. Indeed, the mesopore volume of the
aerogels is strictly related to the guluronate content (Fig. 6,
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Fig. 7 Influence of the concentration of the Ca>" gelling solution on
the surface area of alginate aerogel.

right). For instance, for a gelling time of 6 h the mesopore
volumes are 0.25, 0.76 and 2.15 cm® g~' for alginates with
guluronate fractions of, respectively, 20, 45 and 74%. This
result has to be related to the higher rigidity of the guluronate-
rich fibrils, which prevent their adhesion and allows them to
shelter a significant volume in their contact regions.

The effect of the concentration of Ca®* cations in the gelling
solution on the surface area of the aerogel is reported in Fig. 7
for a mannuronate-rich (20% guluronate) alginate after 6 h
ripening. The surface area increases with the Ca>" concentra-
tion and reaches a shallow maximum at a concentration of
0.24 mol L™".

Chitosan

The textural properties of the aerogels are largely controlled
by the viscosity of the polymer solution,®® which in turn
depends on the molecular weight, the deacetylation degree
and the natural source of the parent chitin. For a given degree
of deacetylation, the type of chitin affects the distribution of
the residual acetylated glucosamines, the crystallinity of the
polymer and its gelling properties.®® Generally, acrogels with
higher surface area are obtained from hydrogels of chitosan
obtained by deacetylation of a-chitin from crab shell than by
deacetylation of B-chitin from squid pen.

The modification of the medium of gelation by replacing the
alkali aqueous solution by an alkali water—alcohol solution
strongly influences the textural properties of the corresponding
aerogels. When the ethanol fraction of the gelling solution
increases from 0 to 70% (v/v), the surface area of the aerogel
increases from 125 to 220 m? g~!. According to the study of
Clayer et al,¥’ the amphiphilic structure of the alcohol con-
tributes to maintain the critical balance between the hydro-
phobic and hydrophilic interactions. The increase of the
specific surface area can be connected to the assumption that
alcohol, by supporting the hydrophobic interactions to the
detriment of the hydrogen bonds, prevents the collapse of the
chains in the drying phase.

Important modifications of the textural properties are ob-
served when gelling is induced by cross-linking agents, also at
very low levels of reticulation.®® Chemical gelling is obtained
reacting chitosan with 1,1,3,3-tetramethoxypropane (TMP), a
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Fig. 8 N, sorption isotherms of aerogels of chitosan ([J) and cross-
linked chitosan (A). The isotherms are shifted by 100 cm® g~ '.

“masked dialdehyde”, followed by reduction of the polymeric
Schiff base with an excess of cyanoborohydride.®’ In Fig. 8,
the N, sorption isotherms of the aerogels of an alkali-gelled
chitosan from B-chitin and the same chitosan gelled by TMP
(2% molar cross-linker with respect to the number of amine
groups) are compared. The aerogel of the alkali-gelled chit-
osan presents a surface area of 120 m> g~!' and a small
mesopore volume with a broad pore size distribution which
goes beyond the mesopore size limit of 50 nm. The aerogel of
the cross-linked chitosan presents a surface area of 95 m? g~!
and a mesopore volume of 0.32 cm® g~! with a narrower pore
size distribution centered around 16 nm.

Accessibility of the functional groups

Does the high surface area of the polysaccharide aerogels
corresponds to a good accessibility of their functional groups?
The interaction of the functional groups with selective reactive
gases provides information on the accessibility of the
active sites.

Ammonia adsorption on alginic acid and alginate aerogels

FTIR spectroscopy of adsorbed NH; has been used to inves-
tigate the acidity of alginate aerogel films prepared in the
presence of different cations or gelified in acidic medium.**"!
Ammonia was chosen as the probe molecule due to its ability to
differentiate between Lewis and Brensted acid sites. The spectra
of ammonia adsorption on the aerogel and xerogel, reported in
Fig. 9 after equilibration with 30 mbar of NHj, dramatically
differ in the case of an alginic acid gel. In the adsorption of
ammonia on the alginic acid aerogel, the characteristic band of
the free carboxyl groups at 1735 cm™' disappears and is
replaced by the C-O stretching bands of carboxylate at 1620
and 1575 cm™!. This demonstrates that the carboxylic acids of
the alginate are salified by NH, " as effective Bronsted sites.
The nearly complete disappearance of the carboxylic acid band
indicates that nearly all the acid sites are accessible to the probe
molecule. When the xerogel is equilibrated with the same
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Fig. 9 FT-IR spectra of aerogel (thin line) and xerogel (thick line) of
alginic acid exposed to NH; vapor at 30 mbar pressure.
pressure of NHj, virtually no modifications of the 1735 cm ™!
carboxylic acid band are observed. The different accessibility of
the acid functions in xerogel and aerogel can be explained by
their different surface area. The surface area of the alginic acid
aerogel was 390 m” g~ !, while the surface area of the xerogel
was lower than 2 m* g~

Ammonia interacts with alginate aerogel according to two
distinct mechanisms: molecular adsorption on electron-accep-
tor sites (Lewis acid) or proton transfer from a Brensted acid
site and electrostatic bonding of the resulting ammonium
cation to an anionic site of the adsorbent. Spectroscopic
evidence shows that in alginate gel formed by alkaline earth
cations, all carboxylic groups are salified. In this case, no
proton exchange sites are available and the adsorption of
ammonia takes place by interaction with the available Lewis
acids, namely the alkaline earth cations. In the case of the
ionotropic gels formed by transition metal cations, a signifi-
cant fraction of carboxylic groups are not salified and ammo-
nia adsorption takes place both on the divalent cation and by
proton transfer from the available Bronsted sites.”*!

Accessibility of the surface sites of chitosan aerogel

Transmission FT-IR spectroscopy has been used to monitor
the deuteration by D,O vapour at room temperature of wafers
of aerogels and xerogels of chitosan from B-chitin.’? The
spectra of aerogel and xerogel equilibrated with 15 mbar
D,O0 differ in a striking manner (Fig. 10). In the case of the
aerogel, the O-H and N-H stretching bands in the region
3430-3180 cm™' have nearly disappeared and have been
replaced by the O-D and N-D stretching bands in the
2530-2370 cm ™! region. In the case of the xerogel, equilibra-
tion with the same pressure of D,O for a much longer time
marginally eroded the O-H and N-H bands and gave rise to
very weak O—D and N-D bands. The difference of the surface
area of the two solids (175 m? g~ ! for the aerogel and 5 m? g~!
for the xerogel) accounts for the nearly complete deuteration
of the alcohol and amine groups of the aerogel and the low
reactivity of the xerogel. The deuterating agent is a probe of
the accessibility of the materials to small polar molecules, and
the difference observed indicates that the chitosan aerogel can
be more effective than a xerogel for applications in catalysis or
adsorption.

The immersion in organic low surface-tension solvents does
not affect the texture of the aerogels. The accessibility of the
primary amine functions of chitosan may be quantified in
organic solvent by formation of a salicylaldimine Schiff base

[N]
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Fig. 10 FT-IR spectra of aerogel (thin line) and xerogel (thick line) of
chitosan exposed to D,O vapour at 15 mbar pressure.

upon treatment with salicylaldehyde. Aerogel beads of chito-
san from p-chitin in contact with salicylaldehyde become
yellow and their UV-visible diffuse reflectance spectra exhibit
the absorption band at 318 nm characteristic of the Schiff
base. Quantitative GC analysis of the remaining salicylalde-
hyde in the solution allows to calculate the fraction of reacted
amino groups, which corresponds to the fraction of accessible
sites. In the aerogel formulation, up to 70% of the amine
groups are accessible vs. 27% for the xerogel form.”* The
amine functionality of the polysaccharide framework could
display intrinsic catalytic activity in base-catalyzed reactions.

Applications in catalysis

Several properties of the polysaccharide aerogels render them
promising materials for catalysis: their high surface area, the
high density of their functional groups (up to 5.8 mmol g~
amino groups for chitosan, 5.6 mmol g~' carboxylic groups
for alginic acid, 2.8 mmol g~! sulfate groups for k-carragee-
nan), and the absence of diffusional limitations in their
macroporous framework. The accessibility of the functional
groups suggests that they can behave as organic solid acid or
base catalyst depending on the nature of the polymer. With
surface areas as high as 500 m> g~!, polysaccharides can
compete with inorganic solids as supports for organometallic
or metal catalysts. Shaping of the catalyst can be easily
performed by adapting the method of contacting the poly-
saccharide solution and the gelling agent.***® Up to date
millimeter-size aerogel spheres have been used but formula-
tions as membranes or hollow fibers are possible.’

Polysaccharide aerogels as catalyst supports

The effectiveness of alginate aerogel microspheres as a catalyst
support was evidenced in the reaction of substitution of an
allyl carbonate with morpholine catalyzed by the hydrosoluble
trisulfonated  triphenylphosphine palladium(0) complex
Pd(TPPTS);. The stability of the obtained catalyst was in-
vestigated in terms of textural stability and catalytic activity.”’

The catalysts were prepared by impregnation of the out-
gassed aerogel beads by an aqueous solution of Pd(TPPTS);
complex synthetized in situ. Direct impregnation by water can
originate a capillary tension able to draw together the alginate
fibrils and destroy the texture of the gel. To avoid this effect,
the aerogel beads were impregnated with anhydrous ethanol
for 1 h before contacting the catalyst solution. After 30 min
ripening at 40 °C, the beads were dehydrated by immersion in
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two successive baths of anhydrous ethanol and dried under
supercritical CO, conditions. This method of impregnation
with the catalyst solution allowed to retain the textural proper-
ties of the materials. For example, the aerogel of an alginate
with 20% guluronic residue with an initial surface area of 335
m? g~ ! loses less than 1.5% of its surface area when loaded
with 0.37% w/w Pd. The aerogel of an alginate with 74%
guluronic residue retained its initial surface of 450 m? per gram
of alginate when loaded with a similar amount of catalyst.”’

The catalytic tests of allylic substitution of methylallyl
carbonate with morpholine were performed in acetonitrile at
50 °C with 1% Pd/methyl allyl carbonate molar ratio. The
course of the reaction was monitored by periodic samplings
and quantitative analysis by gas chromatography (BP20 col-
umn). Quantitative yield was reached within 30 min and the
same result was achieved in three successive catalytic runs. The
catalytic activity was not affected by the guluronic/mannuro-
nic ratio of the alginate. Considering the hydrophilic proper-
ties of both the support and the catalyst, the effect of water
addition was studied, as was performed for aqueous-phase
catalysts supported on freeze-dried polysaccharides.”®* In the
case of catalysts prepared by impregnation of lyophilized
polysaccharides, there was no catalytic activity in the absence
of water. The activity increased with the absorbed amount of
water, suggesting that the catalytic sites, not accessible in the
dried material, became accessible due to the swelling of the
support by water. On the contrary, in the case of catalysts
supported on alginate aerogel, water had no effect on the
activity: the high dispersion of the polymer allowed a good
accessibility to the catalytic sites independently of the level of
hydration.”” Similar results in terms of conversion and
recycling of the catalyst were obtained in ethanol.

The same procedure of catalyst synthesis was applied to
other polysaccharides, such as k-carrageenan and chitosan, to
obtain some data on the influence of the chemical structure of
the support. The differences in turnover numbers (mol product
(mol Pd h)™"), close to 500 for alginates, 190 for carrageenan
and only 40 for chitosan, indicated that the activities were
correlated to the electrostatic properties of the support. Carra-
geenans only bear one sulfate group per two saccharide
monomers, while alginate presents one carboxylic group per
monomer. In chitosan aerogels, 70% of the amino groups of
the polysaccharide are accessible, and the sensitivity of the
allylic substitution reaction to the pH of the medium could
explain the very low activity obtained when the Pd complex
was supported on this basic polysaccharide. This explanation
does not rule out the possibility of a direct inhibition of the
palladium complex by the amino groups of chitosan.

Polysaccharide aerogels as organic catalysts

The amine functionality borne by the chitosan framework can
display intrinsic catalytic activity in base catalyzed reactions.
This was evidenced by the use of chitosan as a catalyst for fatty
acid addition to glycidol, leading to monoglyceride forma-
tion.”® The reactions were performed in toluene at 70 °C with
0.5 mmol of lauric acid, 0.5 mmol of glycidol and 30 mg
aerogel beads of chitosan from B-chitin. A yield of 66% was
reached in 24 h. This result can be compared with the

inactivity of lyophilised chitosan tested in the same conditions.
The activity of the chitosan aerogel was comparable to the
activity of amine-functionalized silicas.'®

When chitosan was used as a component of organic-silica
composites dried in CO, supercritical conditions, the amino
groups were still accessible and developed the same catalytic
properties as in the case of the all-chitosan aerogel. In the case
of a composite with a homogeneous distribution of silica and
chitosan, the conversion of lauric acid reached 94% in 50 h
with a selectivity of 98% in monoglyceride also after three
consecutive reaction runs.'®" In the case of core—shell materi-
als, the catalytic activity was not significant, due to a very low
accessibility of the amino groups.

For the chitosan—titania composites, the inorganic compo-
nent of the hybrid played a synergistic role in the catalytic
activity.'® When titania was generated inside the chitosan
alcogel beads, the CO, supercritical drying of the material
afforded solids with 25% wt titania with surface areas close to
480 m? g~'. The coexistence of amino groups as nucleophilic
activators and titania nanoparticles as electrophilic activators
led to a highly active catalyst for lauric acid addition to
glycidol. Conversion of 90% with a selectivity of 100% was
reached in 5 h. The catalyst was recycled three times without
significant loss in activity or selectivity.

Chitosan aerogels as bifunctional catalysts

The immobilisation of water-soluble metallophthalocyanine
complexes (MPcS) on chitosan aerogel microspheres afforded
new bifunctional catalysts which have been used for the
aerobic oxidation of B-isophorone.!®® Chitosan performed a
dual role, as support of the metal complex and as the organic
base necessary for the reaction. Chitosan-based metal phtha-
locyanine (M = Fe, Co) catalysts were prepared by incipient
wetness impregnation of chitosan aerogel beads with an aqu-
eous solution of sulfonated phthalocyanines of Fe or Co. The
solids containing phthalocyanine complexes were character-
ized by diffuse reflectance UV-Vis spectra. Interestingly,
FePcS supported on the alginate was in a dimeric form, while
the amount of monomeric and dimeric species was comparable
in the case of supported CoPcS, indicating a lower tendency of
CoPcS to form aggregates on the support. The amount of
CoPcS dimeric species increased with the loading of phthalo-
cyanine complexes.

The catalysts were tested in the heterogeneous oxidation of
B-isophorone resulting in the formation of ketoisophorone
(KIP), allylic alcohol and a-isophorone. CoPcS@chitosan
performed much better than FePcS@chitosan and provided
62% conversion and 48% KIP selectivity (respectively 48 and
17% for Fe, 1% mol catalyst). On recycling, about 90% of the
previous activity was retained and the KIP selectivity
remained fairly constant.

Perspectives

Aerogel formulations open the way to the exploitation of the
surface properties and the high dispersion of the large family
of polysaccharides for reactions at the interface between the
polymer and a gas or an organic solvent. Applications in
catalysis, adsorption and chemical sensing can take advantage
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of the reactivity of the functional groups of the polymers or of
catalytic sites in electrostatic or covalent interaction with the
polysaccharide. The easy shaping of the gels into the desired
morphology is another desirable property. The mechanical
properties of these organic aerogels are still under study, but
they are expected to be significantly less brittle than inorganic
or hybrid materials with the same degree of dispersion.

Aerogel formulation allows the extension to hydrocolloid
derivatives of the techniques classically used for the character-
ization of inorganic solids, in particular those implying a high
vacuum environment. Can these techniques provide a better
understanding of the organisation of polymers in aqueous and
natural systems? A positive answer requires the aerogel to be a
good image of the parent hydrogel. This point is currently
under investigation and polysaccharide gels are being studied
by small-angle X-ray scattering (SAXS) at different steps of
conversion from gel to aerogel in order to determine the
relations between the polymer organization at the nanoscale
in the hydrogel and the final dry aerogel.

Albeit polysaccharide aerogels are very promising materials,
some drawbacks of the preparation method and of the proper-
ties of the final materials have to be addressed. The main
limitation of the aerogel preparation method is the need for an
intermediate solvent in order to obtain an effective replace-
ment of water by liquid CO,. Also if relatively environment-
friendly solvent can be used, the minimisation of their use is
needed to optimise the economical and environmental impact
of the aerogel preparation. Moreover, the sensitivity of the
texture of the aerogels to the presence of menisci of high
surface-tension liquid puts limitations to the conditions of
manufacturing, application and storage.

Also the high surface/mass ratio, a desirable property for
materials such as catalysts and adsorbents, can be a missed
blessing in operating conditions. The high surface area is often
related to a very high porosity. This is a desirable property as
far as diffusion properties are concerned but can bring about a
low surface/volume ratio, implying that very high vessel
volumes may be needed for catalytic reactors or adsorption
contactors. As a consequence, the control of the porosity of
the aerogel at optimum values between the contradictory
requirements of diffusional properties and available volume
is a main issue in aerogel preparation. Finally, one has to take
into account the thermal stability of these organic polymers,
whose decomposition often begins below 200 °C.

Nevertheless, aerogels of natural polysaccharides are pro-
mising candidates for many applications, as they couple the
textural properties of highly accessible materials with the
versatile chemistry of hydrocolloids. The appeal of such less
energy-intensive materials than those presently used as cata-
lyst and catalyst supports is a main driving force for the
development of biomass-derived replacements.
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