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Abstract We synthesised a porous
siliceous material via hydrothermal
hydrolysis of sodium silicate, using
chitosan as a template. As far as we
know, this is the first synthesis of
siliceous porous material using
chitosan as a template in a hydro-
thermal way. A fibrous material was
obtained, whose macroscopic fibres
were formed by a spongelike sili-
ceous network with pores having a
radius of 0.57 um. The siliceous
walls of the pores were, in turn, of
the form of a microporous—meso-
porous material; the pore radius

distribution was polymodal with
maxima at 0.84, 1.0, 1.2 and 1.5 nm
and a broad band between 3 and
10 nm. This structure may be due to
the aggregation of the hydrated
chitosan helices in bundles of paral-
lel fibres with different size and the
gelation of the system. The aggre-
gation process might be induced by
the addition of silicate.
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Introduction

Porous materials containing interconnected microscopic
and macroscopic cavities, for example, sponges, clays,
ceramics and different polymeric systems, are of out-
standing importance in industry and everyday life. The
spectrum of applications consists of all types of filtra-
tion, extraction, adsorption, catalyst carriers, drug
delivery systems, environmental remediation materials
[1] and shape-selective reactors for polymerisation [2],
membrane separators and stationary phases for chro-
matography [3].

In view of the extensive possibilities for the applica-
tion of these materials, the obtaining of novel structures
and novel synthesis procedures is of great interest.

In 1992, Mobil’s scientists discovered that ionic
surfactants could be used as templates for the synthesis
of a family of mesoporous siliceous materials which they
called M41S [4, 5].

One of the most studied of these structures is the
MCM-41 material, with unidirectional mesopores
ordered in a hexagonal array and a sharp pore size

distribution, which is obtained using cationic surfactants
in dilute (micellar) or liquid-crystalline conditions. To
modify the pore size, higher homologues of the surfac-
tant series and inert oils as swelling agents are used.

The template strategy resembles macroscopic metal
casting processes: geometrically well defined structures
(“templates’), which perform the shapes of the pores
like casting cores, are introduced into a liquid system
and subsequently embedded by hardening of the solvent.
After removal of these cores from the surrounding
matrix the shape of the remaining voids reflects the form
of the templates.

Ultra-large-pore hexagonal and cubic mesoporous
products have recently been synthesised using nonionic
poly(ethylene oxide) triblock copolymers as structure-
directing agents [6—8]. Recently a fibrous bacterium,
Bacillus subtilis, was the substrate used for the deposi-
tion of an MCM-41-type material [9], leading to
materials with porosity in both the mesoscopic (2—
10 nm) and macroscopic (0.5 um) ranges after the
bacteria were removed from the composite material by
calcination.
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Macromolecular templates have been used to pro-
duce organic mesoporous materials by polymerisation of
aqueous acrylamide solutions in the presence of xanthan
or DNA fragments. Hydrogels containing nonoriented
channels with diameters from 2 to 10 nm have been
obtained [10]. Some cationic and anionic block copoly-
mers with polyelectrolyte behaviour were also utilised as
structure-directing media in a sol-gel process to syn-
thesise nanoporous silica [8].

The previously mentioned considerations led us to
suppose that some natural polymers might be used as
templates in the production of porous materials. In
particular, we thought about the cationic polyelectrolyte
chitosan, which may be used in conditions similar to that
of cationic surfactants. The physicochemical properties
of chitosan seemed to be a source of different structures
in solution, which might provide novel porous materials.

Chitosan, a (1-4)-linked 2-amino-2-deoxy-f-p-gluco-
piranose, is a polymer derived from chitin. Chitin is
typically extracted from the shells of crustaceans such as
shrimp, crab, lobster and squid. This natural polymer
may also be found in the shells of some insects, such
as beetles, and in some fungi. It is the second most
abundant natural polymer after cellulose [11]. Chitosan
is the N-deacetylated form of chitin. Chitosan is well
known as a nontoxic and biodegradable linear polymer.
It is widely used in the medical industry in products
ranging from burn dressings to drug delivery capsules.
The term chitosan is usually reserved for chitin mole-
cules that are deacetylated to the point where they
become soluble in dilute aqueous acidic systems (e.g.,
1-10% by volume acetic acid). The percentage of
deacetylation is usually named the deacetylation degree
(DD). Chitosan becomes soluble in aqueous acidic
solutions when DD exceeds 50%. DD = 100% is very
difficult to achieve. A molecular illustration of chitosan
can be found in Fig. 1. The amino and acetamide groups
are randomly distributed along the backbone of all acid-
soluble chitosans, following Bernoullian distributions
[12-14].

The crystalline structure of chitosan has been de-
scribed as an extended twofold helix stabilised by
intramolecular hydrogen bonds [15-18]. Three forms
of solid chitosan have been found: hydrated [19],
anhydrous crystals [20] and noncrystal line. A chitosan
sample rich in anhydrous crystals cannot be dissolved
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Fig. 1 A schematic illustration of the structure of chitosan

with any chitosan solvents, such as acetic acid. The
structure of anhydrous chitosan crystals was found
to be monoclinic, the unit cell having a¢=1.38 nm,
b=1.63 nm, ¢ =4.07 nm (parallel to the molecular axis),
0 =96.46° [16]. The hydration of chitosan produced
an orthorhombic unit cell (¢=0.89, 5=1.70 nm,
¢=1.025 nm) [19]. Some chitosan salts crystallise in a
monoclinic unit cell with a helical repetition of
4.073 nm, with the backbone adopting a helix confor-
mation [21].

Due to the presence of protonated amino groups (the
amino group in chitosan has a pK, of about 6.2-7 [22,
23]), chitosan in dilute acid aqueous solution exhibits
polyelectrolyte character at low pH (below pH 6.5) and
its hydrodynamic behaviour in the solution is intricate
[24-28]. Polycations are rare in nature and chitosan
is the only case in the family of polysaccharides. The
repulsion of the positive charges on the amide groups
along the backbone chain will certainly make a stretched
chain in solution. Besides the polyelectrolyte effect, the
n-acetyl groups also influence the chain conformation
[27]. The solubility is also favoured by the hydration of
various sites, mainly those which are charged.

The intramolecular hydrogen bonds are probably
maintained in solution. Wu et al. [29] stated that the
chitosan chain is slightly extended in aqueous solution
and that even in dilute solution chitosan still forms
a small number of large-sized aggregates. In dilute
solutions, chitosan molecules follow the structure of
wormlike chains [30]. The chain conformation in
solution is strongly influenced by ionic strength and
DD. The lower the ionic strength, the more extended the
molecule [31].

Chitosan exhibits interesting association and gelling
properties [32-38] in aqueous solution under various
conditions. Supramolecular structures, which have hy-
drogen-bonding, van der Waals and hydrophobic inter-
actions among neighbouring units were revealed by
electron microscopy [31]. It has been shown that the
dissolution of the chitosan molecules was conditioned by
the memory of the crystalline arrangement in the solid
state with preservation of some supramolecular organ-
isations [39].

Wu et al. [29] found that even in dilute solution
chitosan still forms a small number of larger sized
aggregates. At higher concentration, chitosan, mainly
those samples with higher molecular weight, forms
larger aggregates [33, 40] and a gel [41]. This behaviour
must be related to the formation of local hydrophobic
contacts, or hydrogen bonding, responsible for a more
or less important physical reticulation of chitosan chains
[42]. Tt has also been shown that the chitosan/water
system exhibits liquid-crystalline mesophases for a
water-weight concentration higher than 44% [43]. It
seems that the addition of low-molecular-weight
electrolytes is not able to completely eliminate the
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polyelectrolyte effect and hydrogen bonding between
different chitosan chains, but nevertheless promotes
aggregation.

Other related associative gelling systems (polysaccha-
rides) undergo a disorder-to-order molecular conforma-
tional transition (e.g., coil to helix or multiple helix)
induced either thermally or by the addition of salts. This
is usually the significant step. Gel character then results
either through weak association (and/or entanglement)
of the stiffened structures (weak gel formation) or
through stronger interactions. The latter includes
cross-linking of multiple helices through imperfect
matching of chains and interactions involving substan-
tial lateral helix association (strong gels). Networks of
all these types are exemplified by the bacterial polysac-
charide xanthan gum (weak gel network) and by the
marine algae polysaccharides i-carrageenan (little helix
association) and agarose (substantial helix association)
[44]. The existence of helix conformations and multi-
plicity in polysaccharide solutions was demonstrated in a
number of works. For example, light scattering [45] and
neutron scattering studies [46, 47] of xanthan solutions
support a double-stranded helix for this molecule when
it is ordered under appropriate conditions of tempera-
ture, polymer concentration and ionic strength; the
double helical structures proposed to underlay carra-
geenan gels and gels from agarose have received
confirmation from light scattering studies [48]. The «-
carrageenan sol was described as containing a wormlike
polyelectrolyte in semidilute conditions, whilst the gel
was based on bundles of parallel double helices [49].

On the basis of this information, we assumed that the
helical structures of chitosan in solution could serve as
templates for the production of mesoporous silica
materials. The pore diameter would probably be that
of the hydrated helix, in the case of isolated molecules,
or that of the aggregates. If gelling were induced by the
addition of sodium silicate, the structure of the gel
would serve as a template. In both cases, novel porous
material would be obtained. We used a very dilute
solution of chitosan in order to avoid the formation of
large aggregates.

We also synthesised an MCM-41 sample for com-
parison.

Experimental

Chitosan (Daras) of molecular weight 223 872 with 11% water
content and 0.38 ash, DDA =84%, viscosity 50 mPa s was used
without further purification.

MCM-41 synthesis
Pure siliccous MCM-41 was prepared by addition of 6.2 g sodium

silicate to a solution of 0.2 ml H,SO,4 (Carlo Erba, 96%) in 13.3 ml
double-distilled water. After stirring for 10 min, a solution of

5.59 g of cetyltrimethylammonium bromide (CTAB) in 16.75 ml
water was added, followed by 30 min of stirring. Then, 6.6 ml
water was added and the gel was stirred for 30 min. The mixture
was autoclaved at 140 °C for 48 h. The resulting gel was filtered,
washed and calcined at 540 °C for 7 h. A white, porous material
was obtained.

Chitosan-templated siliceous material synthesis

A solution of 0.2 ml acetic acid in 13.3 ml double-distilled water
was prepared. Then, 6.2 g Na,SiO; contained in 12.2 ml aqueous
solution was added. After stirring for 10 min, a solution of 0.05 g
chitosan in 16.75 ml 1% v/v acetic acid was added, followed by
30 min of stirring. Then, 6.6 ml water was added and the gel was
stirred for 30 min. The mixture was autoclaved at 140 °C for 48 h.
The resulting gel was filtered, washed and calcined at 540 °C for
7 h. A grey and white, porous, fragile monolithic material with a
fibrous aspect was obtained (Fig. 2).

When chitosan solution was mixed with the silicate solution,
a viscous, white gel was formed.

Characterisation

Mercury porosimetry experiments were run on a Carlo Erba
porosimeter 2000.

Wide-angle X-ray diffractograms were made using a Phillips PW
1710 diffractometer with a copper anode and a curved graphite
monochromator.

Transmission electron microscopy was performed with a Jeol 100
CX II transmission electron microscope operating at 100 kV with a
magnification of 100 000x. Observations were made at bright field.
Powdered samples were placed on copper supports of 2000 mesh.
Scanning electron microscopy runs were made with a Jeol 35
scanning electron microscope operating between 15 and 21 eV,
with a Si-Li dispersive energy microanalysis system, 140-eV
resolution and SYS-EDAX image analysis software.

The nitrogen adsorption isotherms at 77.6 K were measured with
an Micrometrics Accusorb 2100 E instrument. Each sample was
degassed at 373 K for 6 h at a pressure of 10~ Pa.

Samples were observed using a Zeiss polarising microscope.

Results

The wide-angle X-ray diffractograms of both samples
showed a broad band centred at about 4.4 A of
amorphous silica. No significant differences were seen
between samples. No birefringence was detected by

Fig. 2 Photography of a monolith of chitosan-templated siliceous
material (CTSM). Length about 4 cm
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polarised light microscopy in any sample, confirming the
presence of amorphous silica.

The mercury porosimetry results are shown in Figs. 3
and 4. They also show the d}/d log R versus pore radius
curves, which are interpreted as the pore size distribu-
tion, R being the pore radius. The MCM-41 pore size
distribution was fitted with a Poisson distribution with
an average pore radius of 2.67 £ 0.19 um and a
standard deviation of 2.08 um. The chitosan-templated
siliceous material porosimetry data could be fitted with a
Gaussian distribution whose parameters were an aver-
age pore radius of 0.57 £ 0.23 um and a standard
deviation of 0.19 um. The adsorption—desorption iso-
therms and the mesopore size distributions are presented
in Figs. 5 and 6. The isotherm of MCM-41 is of type IV,
typical of mesoporous solids; however, the adsorption
isotherm shape at p/p, > 0.95 suggested that the
intercrystallite macropores were filled and that multi-
layer deposition occurred. The chitosan-templated sam-
ple shows a type II isotherm, which is obtained in
macroporous adsorbents [50]. The inflection in the
adsorption isotherm indicates the mesopore filling. The
coordinate of the inflection point depends on the pore
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Fig. 3 Pore volume (@) versus pore radius obtained by mercury
intrusion porosimetry and dV/d log R (M) versus pore radius of
MCM-41
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Fig. 4 Pore volume (@) versus pore radius obtained by mercury
intrusion porosimetry and dV/d log R (H) versus pore radius of
CTSM
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Fig. 5 a Adsorption (@) — desorption (H) of nitrogen on MCM-41.
b dV/dR versus pore radius

size. Hysteresis loops of type H2 may be seen in the
figures, which are associated with capillary condensation
taking place in mesopores [50] with both ends open [51].
According to de Boer [52] this type of hysteresis loop
appears when the capillaries are regular or irregular
cylinders or prisms open at both ends. Furthermore,
the desorption hysteresis at low p/p, values indicates
micropore filling. According to Cohan [53] no pores of
actual radii less than about a molecular diameter could
be effective in causing hysteresis (actually, the critical
radius was taken to be two molecular diameters), and
Cohan showed that for a number of systems the
desorption branch rejoined the adsorption one at p/p,
values corresponding to pore radii close to twice the
estimated size of the adsorbate molecules. The plot of
the derivative of the pore volume per unit weight versus
the pore radius (dV/dR) is shown in Figs. 5b and 6b.
Some micropores (whose radius is about | nm) are
present in both samples, as can be seen in the pore size
distribution plots. The sharp pore size distribution of
MCM-41 confirms that the mesopores are exceptionally
uniform, with an average pore radius of 2.1 + 0.4 nm;
however, the chitosan-templated sample has a multimo-
dal pore size distribution. It has sharp bands centred
at pore radii of 0.84, 1.0, 1.2 and 1.5 nm and a broad
band between 3 and 10 nm. The MCM-41 Brunguer—
Emmett-Teller surface area was 360 + 150 m* g”' and
that of the chitosan-templated siliceous material was
221 + 1.7m?* g™,

The uniform mesopore structure of the MCM-41
sample was evidenced by the transmission electron
microscope lattice image shown in Fig. 7. The image
of the calcined sample shows the regular hexagonal
array of uniform channels that is characteristic of
MCM-41. When viewed perpendicular to the channels
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Fig. 6 a Adsorption (@) — de-
sorption (M) of nitrogen on
CTSM. b dV/dR versus pore %
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Fig. 7 Transmission electron micrograph of MCM-41, showing
patches composed of regular rows viewed perpendicular to the
mesopores axis

axis, the pores were seen to be arranged in patches
composed of regular rows. The usual hexagonal struc-
ture with each pore surrounded by six neighbours was
detected.

The chitosan-templated material shows a less-regular
array of larger channels, which, in general, were parallel,
as can be seen in the transmission electron microscope
image shown in the Fig. 8. The macroscopic fibrous
aspect shown by the monolith in Fig. 2 was retained
at relatively low magnification, as can be seen in the
electron scanning micrograph in Fig. 9. A 40-fold
magnification (Figs. 10, 11) shows the macroporous
structure, which seems to be bicontinuous.

Observations using a polarising microscope on calc-
ined samples suspended in water show low birefringence
(with no recognisable texture) in some regions of the

Fig. 8 Transmission electron micrograph of CTSM, showing a less-
regular array of channels than that of MCM-41. The channels were in
general, parallel

MCM-41 sample and no birefringence in the sample of
chitosan-templated siliceous material.

Discussion

MCM-41 prepared with CTAB as a template by
hydrothermal synthesis typically has a pore radius of
about 1.5-1.8 nm and a surface area of about 1000—
1240 m? g~ ' [54, 55]. MCM-41 prepared with the method
described here has a similar pore radius (2.1 + 0.4 nm)
but smaller specific area (360 + 150 m* g™'). The order
in the mesopores is probably responsible for the slight
birefringence of this material.

Sonwane et al. [55] pointed out that mesoporous
MCM-41 materials comprise several levels of structure
(mesopores, crystallites, grains and particles), each
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Fig. 9 Low-magnification scanning electron micrograph of CTSM,
showing the general orientation of the structure

Fig. 10 High-magnification scanning electron micrograph of CTSM,
showing a bicontinuous structure

having its characteristic length scale spanning over 4
decades of resolution. By mercury intrusion porosime-
try, they found that MCM-41 materials have a macro-
porous fractal dimension of 2.7-3 and that the grain
dimensions range from 0.1 to 0.4 yum. The fractal
dimension of the mesopores was 2 and they are therefore
very smooth. The walls of the mesopores may collapse
at higher pressures of mercury, whereas at very low
pressures, mercury intruded into the interparticle space.
This corresponds to a macropore size of 0.35 um or
larger (pressure lower than 2 MPa). The crystallite size is
about 8-25 nm. We found an average macropore radius
of 2.67 = 0.19 yum in the MCM-41 sample.

Fig. 11 High-magnification scanning electron micrograph of CTSM,
showing a spongelike structure

The sample of chitosan-templated siliceous material
showed no birefringence in the polarising microscope,
which indicates that the distribution of pores was not
ordered.

The sample of chitosan-templated siliceous material
had a multimodal pore size distribution, with radii
ranging from 0.84 to 0.57 um. This seemed to reflect the
formation of chitosan fibrous aggregates. The pore size
and the connectivity follow the structure of the template
aggregates, i.e., the resulting silica gel network is a
precise copy of the original self-assembly structure [56].
The smaller pore sizes were commensurable to the a and
b crystallographic parameters of chitosan. This suggests
that bundles of parallel hydrated chitosan helices were
formed in solution, which is in accord with literature
information about pure chitosan solutions. [29, 33, 40].
Those smaller bundles were arranged in a parallel
distribution of aggregates, but the spatial organisation
was not hexagonal as in MCM-41 materials, as can be
seen in the higher magnification transmission electron
microscope photographs (Fig. 8). The higher magnifica-
tion pictures were similar to Fig. 1 of Ref. [56], indicating
that fibres were arranged in a slightly disordered
bidimensional cubic fashion. Some pores were photo-
graphed perpendicular to the axis, showing that they
were tubular channels.

It seems that the addition of silicate promoted the
formation of supramolecular aggregates as occurs for
other polysaccharides on addition of electrolyte, [44].
The addition of silicate may have induced the formation
of a gel, with cross-linking of multiple helices in a three-
dimensional network. This may be the origin of the
spongelike structure viewed by scanning electron mi-
croscopy at higher magnifications. The pore size of that
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structure is about 0.5 ym and thus corresponds to the
pore size determined by mercury intrusion porosimetry.
On a larger size scale, the material was fibrous, which
may mean that there was preferential orientation of the
system as a whole parallel to the axis of the tube in
which the sample was made. There are several examples
of orientation of mesoporous materials by surfaces (such
as mica, graphite, hydrocarbons or air) in contact with
the gel during the synthesis [57-63].

Kriamer et al. [56] used some cationic and anionic
block copolymers with polyelectrolyte behaviour as
structure-directing media in a sol-gel process to syn-
thesise nanoporous silica and found that depending on
the relative block lengths and the salt content in the
reaction mixture, different aggregation structures were
obtained, leading to silica compounds with different
pore sizes and architectures.

In summary, a fibrous material was obtained, whose
macroscopic fibres consisted of a spongelike siliceous
network with pores having radii of 0.57 £+ 0.23 um. The
siliceous walls of the pores were, in turn, formed out of a
microporous—mesoporous material; the pore radius
distribution was polymodal with maxima at 0.84, 1.0,
1.2 and 1.5 nm and a broad band between 3 and 10 nm.

Concluding remarks

e It was demonstrated that the synthesis of siliceous
porous material can be performed using chitosan as a
template in a hydrothermal way.

e A fibrous material was obtained, whose macroscopic

fibres consisted of a spongelike siliceous network with

pores having radii of 0.57 = 0.23 um. The siliceous

walls of the pores were, in turn, formed out of a

microporous—mesoporous material; the pore radius

distribution was polymodal with maxima at 0.84, 1.0,

1.2 and 1.5 nm and a broad band between 3 and

10 nm.

The structure may be due to the aggregation of the

hydrated chitosan helices in bundles of parallel fibres

with different size and the gelation of the system.

The process might be induced by the addition of

silicate.
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