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Chitin, a structural polymer in shellfish, insects, and
microorganisms, is, next to cellulose, the most abundant
biopolymer. It was reported to possess similar skeletal
conformation than cellulose I, including its intramo-
lecular hydrogen bonds.12 Chitin has been known to
form microfibrillar arrangements in living organisms.
These fibrils are usually embedded in a protein matrix
and have diameters from 2.5 to 2.8 nm.5> Crustacean
cuticles possess chitin microfibrils with diameters as
large as 25 nm. Chitin microfibrils in arthropod shells
and insect cuticles are organized into a helicoid struc-
ture that displays a cholesteric pattern in electron
micrographs of oblique sections.® Marchessault et al.*
showed that acid-hydrolyzed chitin spontaneously dis-
persed into rodlike particles that could be concentrated
to a liquid crystalline phase and self-assemble to a
cholesteric liquid crystalline phase above a certain
concentration.5~7

By analogy with previous works performed in our
Laboratory and which deal with cellulose or starch
microcrystal reinforced nanocomposite systems,8~16 chitin
whiskers were used as a reinforcing phase in a ther-
moplastic matrix. Suspensions of chitin crystallites were
prepared as described elsewhere’ by acid hydrolysis of
technical grade material (Kyona Oil Co., Japan) ob-
tained from squid pen. The object of this treatment was
to dissolve away regions of low lateral order so that the
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water-insoluble, highly crystalline residue may be con-
verted into a stable suspensoid by subsequent vigorous
mechanical shearing action.

Samples were first boiled and stirred in a 5% KOH
solution for 6 h to remove most of the proteins. This
suspension was subsequently kept at room temperature
overnight under stirring, filtered, and washed several
times with distilled water. Chitin samples were then
bleached with 17 g of NaClO, in 1 L of water containing
0.3 M sodium acetate buffer for 6 h at 80 °C. The
bleaching solution was changed every 2 h followed by
abundant rinsing the sample with distilled water. After
bleaching, the suspension was kept in a 5% KOH
solution for 72 h to remove residual protein. The
resulting suspension was centrifuged at 3000 trs/min
for 20 min.

Chitin whisker suspensions were prepared by hydro-
lyzing the purified chitin sample with 3 N HCI at the
boil for 1.5 h under stirring. The ratio of 3 N HCI to
chitin was 30 mL/g. After acid hydrolysis, the suspen-
sions were diluted with distilled water followed by
centrifugation (10 000 trs/min for 5 min). This process
was repeated three times. Next, the suspensions were
transferred to a dialysis bag and dialyzed for 24 h
against distilled water until a pH = 6 was reached. The
pH was subsequently adjusted to 3.5 by adding HCI.
The dispersion of whiskers was completed by a further
2.5 min ultrasonic treatment (B12 Branson sonifier) for
every 40 mL aliquot. It was subsequently filtered to
remove residual aggregates and kept in a refrigerator
until used after adding sodium azoture as protectant
against microorganisms. These suspensions display a
colloidal behavior, which stability was attributed to the
presence of positive charge (NHs™) at the surface of the
crystallites, resulting from the protonation of amino
groups.* The solid fraction of this aqueous suspension
was determined and was 1.68 wt % after concentration
by dialysis against poly(ethylene glycol).

A typical transmission electron micrograph obtained
from a dilute suspension of hydrolyzed squid pen chitin
is shown in Figure 1. It was achieved with a Philips
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Figure 1. Transmission electron micrograph of a dispersion
of hydrolyzed squid pen chitin.

CM200 electron microscope. The suspension is consti-
tuted of crystalline fragments of chitin. The preparation
shows both individual and aggregated microcrystals in
the form of crystallite bundles. The outline of these
fragments is roughly defined, most probably because of
the presence of remaining protein at the surface. The
rodlike individual fragments have a length ranging from
about 50 to 300 nm (average value around 150 nm), and
they are almost 10 nm in width. These dimensions are
similar to what was reported for chitin whiskers ob-
tained from crab shells® and for cellulose whiskers
prepared from wheat straw.® The aspect ratio L/d (L
being the length and d the diameter of the filler) of these
whiskers is thus around 15.

A latex (average diameter of the particles around 150
nm) obtained by the copolymerization of styrene (34%
(w/w)) and butyl acrylate (64% (w/w)) (poly(S-co-BuA),
and containing 1% acrylic acid and 1% acrylamide, was
provided by EIf-Atochem (Serquigny, France). The
glass—rubber transition temperature (Tg) of the copoly-
mer was determined from differential scanning calo-
rimetry (DSC) measurements and was found around 0
°C (scanning rate 10 K min=1). The colloidal chitin
fragments dispersion was mixed with the latex with
various amounts in order to obtain nanocomposite films
with a good level of dispersion and with a weight
fraction of chitin ranging from 0 to 20 wt %. After
stirring, the air in the suspension was removed by
vacuum prior to casting in a Teflon mold. Homogeneous
and bubble-free 1 mm thick films were obtained by
storing the casting at 35 °C, allowing water evaporation
and polymer particle coalescence. It was observed from
DSC measurements that the Ty of the matrix was not
modified upon chitin whiskers addition.

These films were analyzed with a DMTA Metravib
SA Mécanalyseur operating with a forced oscillation
pendulum. Figure 2 shows the plot of log(G'/Pa) (storage
shear modulus, Figure 2a) and tan ¢ (loss angle tangent,
Figure 2b) at 1 Hz as a function of temperature for poly-
(S-co-BuA)/chitin whisker composites. The temperature
was varied between 200 and 425 K by steps of 4 K. The
curve corresponding to the pure matrix (0% filled
composite) is typical of thermoplastic behavior. For
temperatures below Ty the copolymer is in the glassy
state, and the modulus slightly decreases with temper-
ature but remains roughly constant (around 1 GPa).
Then, a rapid decrease in the elastic tensile modulus,
by more than 3 decades, is observed, corresponding to
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Figure 2. (a) Logarithm of the storage shear modulus G’ and
(b) loss angle tangent tan ¢ vs temperature at 1 Hz for squid
pen chitin whiskers/poly(S-co-BuA) composites filled with O (@),
1 (0), 2 (a), 2.5 (2), 3 (W), 5 (O), 10 (#), and 20 wt % (<) of
chitin whiskers.

the glass—rubber transition. In the terminal zone, the
experimental setup fails to measure it.

When reinforced by a low weight fraction (lower than
10 wt %) of chitin whiskers, the polymer films did not
show any significant improved mechanical properties
over the whole temperature range. For higher percent-
ages of chitin whiskers, the composite glassy shear
modulus increases up to ~2 GPa for the 20 wt % filled
material.

Above Tg4 a greater increase in the composite modulus
is observed with increasing weight fraction of chitin
whiskers. For instance, the relaxed modulus at T4 + 25
°C (~300 K) of a film containing 10 wt % of chitin
whiskers is 25 times higher than that of the matrix. For
the 20 wt % hydrolyzed squid pen chitin filled composite,
the relaxed modulus is increased by more than 160. This
reinforcing effect is much less pronounced than the one
observed for tunicin—an animal cellulose—whisker filled
composites. It was shown that this reinforcing effect
strongly depended on the aspect ratio of the cellulose
whisker, and therefore on its origin, as well as on the
processing technique of the composite.}*1” For wheat
straw cellulose whiskers, with an aspect ratio close to
the one of squid pen chitin whiskers, the reinforcing
effect was lower than the one reported for chitin
whiskers when the films were prepared by a freeze-
drying and hot-melting technique of the mixture of the
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Figure 3. Logarithm of the storage tensile modulus E' at T,
+ 25 K (~300 K) vs volume fraction of squid pen chitin
whiskers: comparison between the experimental data (®) and
predicted data from the Halpin—Kardos model (dashed line)
or from the percolation approach using the experimental (bold
continuous line) or adjusted (thin continuous line) Ggr value.

suspensions, whereas it was higher for cast and evapo-
rated films. Figure 2b shows that no shift of the main
relaxation process is observed in agreement with DSC
measurements. A slight decrease of the temperature
position of the main relaxation for the highly filled
composite (20 wt %) is reported. It is ascribed to a
mechanical coupling effect.

The experimental variation of the relaxed storage
shear modulus, taken at 300 K (i.e., 25 K above Ty of
the matrix), vs whiskers content is plotted in Figure 3.
For low whiskers concentration (up to ~5 vol %), the
observed values agree fairly well with those (dashed line
in Figure 3) predicted from a classical mean-field
approach (Halpin—Kardos model) developed for short
fiber composites.18 However, the experimental data are
much higher than the predicted ones for higher volume
fraction of chitin whiskers. The advantage of such a
mechanical model is to propose a simple analytic
expression for the composite modulus, which takes into
account the mechanical anisotropy and the geometry of
the inclusions and which can be easily extended to a
viscoelastic description of the material. It is worth
noting that the mean-field approach does not account
for the mechanical interaction between the fibers. The
Halpin—Kardos model is based on the concept that a
material made of short fibers, homogeneously dispersed
in a continuous matrix, is mechanically equivalent to a
superposition of four plies. Within each ply, the fibers
are parallel to one another and the mutual orientation
of the plies is 0°, +45°, +90°, and —45°. The mechanical
properties of each ply can be derived from the micro-
mechanic equations of Halpin—Tsai.l® This model is
described in detail elsewhere.’® Calculations with this
model have been made using the parameters listed in
Table 1.

As seen in Figure 3, for low whiskers content the
mean-field approach is able to account for the observed
data. This indicates that in this composition range the
filler—matrix interaction is the main phenomenon in-
volved in the reinforcing effect of chitin whiskers. For
higher whiskers content, the model fails to describe the
experimental data. To explain the unusually high
modulus values of the highly reinforced films, one needs
to invoke (i) a strong interaction between the whiskers
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Table 1. Parameters Used for the Halpin—Kardos

Modeling
symbol designation value
Eq1f longitudinal modulus of the 150 GPa?
chitin whisker
Eoot transverse modulus of the 15 GPaP

chitin whisker
Gm shear modulus of the matrix 259 M(IjDa (at 300 K)°
Pal

Gt shear modulus of the chitin 5G
whisker
& geometrical parameters of the  30°
chitin whisker
& geometrical parameters of the  2¢
chitin whisker
&2 geometrical parameters of the  1¢
chitin whisker
vt Poisson’s ratio of the whisker 0.3
Vm Poisson’s ratio of the matrix 0.5 (at 300 K)

a Average value of the literature for 8 chitin.2? b By analogy
with cellulose whiskers, it has been taken as the lowest value of
the two transverse modulus, which is close to E;31¢/10. ¢ Experi-
mental data. 9 Average value of the literature for cellulose.?!
¢ Deduced from the average whisker dimensions (average aspect
ratio of 15).

and (ii) a percolation effect. The influence of such an
effect on the mechanical properties of the films can be
calculated following the method of Ouali et al.?? in their
adaptation of the percolation concept to the classical
phenomenological series-parallel model of Takayanagi
et al.?? At high temperature (i.e., above Tg) the filler
modulus, Gg, is far higher than the one of the matrix.
It means that all the stiffness of the material is due to
infinite aggregates of whiskers, and the elastic shear
modulus G'c of the composite is given by the following
equation:

Gc=yCk 1)

where 1 corresponds to the volume fraction of the
percolating rigid phase. With vgc being the critical
volume fraction of the rigid phase at the percolation
threshold and b the corresponding critical exponent, v
can be written as
py=0  forvg < vg
Vi — VRe\P
Y =Vg 2K for vg = Vg, 2
1— Vg

The threshold fraction to reach percolation of whis-
kers strongly depends on the aspect ratio of the dis-
persed phase and on its orientation in space. For a
random orientation, vgc is given by 0.7/f, with f the
aspect ratio of the dispersed phase. In our case, for squid
pen chitin whiskers, the aspect ratio is equal to 15 which
leads to a percolation threshold close to 4.7 vol %, which
corresponds to ~6 wt % (taking 1.5 and 1.1 for the
density of the filler and of the matrix, respectively).
According to several studies based on the percolation
concepts,?425 b takes the value of 0.4 in a three-
dimensional system. The stiffness of the chitin whiskers
network, different from the one of an isolated whisker,
was experimentally measured from a tensile test (with
a cross-head speed of 1 mm/min) performed on a S-chitin
whiskers sheet and was found equal to 530 MPa. This
value was the highest value obtained from several
tensile tests, because chitin whiskers sheets were very
brittle inducing premature break of the specimen. This
highest experimental data are most probably the most
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representative data. The shear modulus used for the
calculation is therefore close to 0.2 GPa, taking v = 0.3.
The tensile modulus of the chitin whiskers sheet is
much lower that the value reported for tunicin whiskers
sheets for which it was 15 GPa.8° The difference could
be partly due to the lower aspect ratio of squid pen
chitin whiskers compared to tunicin whiskers (aspect
ratio close to 70). Indeed, the tensile modulus of a wheat
straw cellulose whiskers sheet (aspect ratio close to 45)
was found to be around 6 GPa.’® The stiffness of the
fiber network also strongly depends on hydrogen bond-
ing, which develops between whiskers during the evapo-
ration step. The formation of this network, governed by
a percolation mechanism, is influenced by the surface
chemical composition of the percolating species. In
addition, residual protein remaining at the surface of
chitin fragments most probably hinder partly the pos-
sible interactions between chitin whiskers.

The calculated curve based on the percolation theory
is reported as a bold continuous line in Figure 3. It is
lower than the mean-field prediction up a volume
fraction of 4.7 vol %. Above this critical percentage, the
calculated curve based on the percolation theory in-
creases rapidly, and it clearly appears that the predicted
modulus values agree much better than the mean-field
approach with the experimental data. This is an indica-
tion of the presence of strong interactions between
whiskers such as hydrogen bonds, which lead to the
formation of a rigid network governed by the percolation
threshold. This rigid whiskers network which develops
above the percolation threshold by hydrogen bonding
allows a thermally stabilization of G’ in the rubbery
state (Figure 2a). However, the calculation overesti-
mates the relaxed modulus of poly(S-co-BuA)-based
composites. The experimental data are about 2.4 times
lower than the predicted one. This discrepancy can
ensue from the underestimation of the chitin network
modulus from the tensile test. An attempt was made to
fit the calculated curve based on the percolation theory
with experimental data, taking the chitin network
modulus as an adjustable parameter (thin continuous
line in Figure 3). The best fit was obtained with Gg =
0.5 GPa, which is close to the experimental value.
Therefore, although mainly phenomenological, the model
based on percolation concepts is able to take into
account the microstructural parameters of the compos-
ites.

It is shown in this study that chitin can be used as
environmentally friendly particulate filler, and it can
be useful for the processing of stiff small-size wares.
However, the purification step of chitin has to be
optimized in order to remove remaining proteins and
to take the best possible advantage of interwhiskers
interaction, by favoring the formation of a rigid chitin
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whiskers network. In addition, the processing and the
characterization of nanocomposites based on chitin
whiskers with a much higher aspect ratio are also
investigated at present, and the results will be pub-
lished shortly.
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