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a b s t r a c t

The phase behavior of blends containing chitosan (CS) and poly(sodium-4-styrene sulphonate) (PSS) was
analyzed by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), fourier transform
infrared spectroscopy (FTIR), dielectric spectroscopy (DRS) and atomic force microscopy (AFM). FTIR and
DRS analysis seem to indicate the existence of interactions between sulphonate groups of PSS and –NH2

or –OH or both groups of CS. The study of blends by AFM showed a completely different morphology when
eywords:
hitosan
oly(sodium-4-styrene sulphonate)
lends
ompatibility

compared with that of pure components as nanocrystalline domains appeared as globular agglomerates
containing more or less spherical particles instead of the independent nanodomains seen in the neat
components, possibly as consequence of interactions between both polymers.

© 2010 Elsevier Ltd. All rights reserved.
tomic force microscopy
ielectric behavior

. Introduction

Chitosan (CS) is a copolymer of d-glucosamine and N-
cetyl-d-glucosamine. It is a pseudo-natural, biodegradable and
iocompatible polysaccharide obtained from chitin (Kim, Kim, &
ee, 1996a, 1996b). It has been a subject of intensive research for a
ong time (Brunel et al., 2009; Dong, Ruan, Wang, Zhao, & Bi, 2004;
ogales, Ezquerra, Rueda, Martinez, & Retuert, 1997; Osman, 2005;
illai, Paul, & Sharma, 2009; Radhakumary, Nair, Mathew, & Nair,
005; Rao & Johns, 2008; Sandford & Hutchings, 1987; Skaugrud,
989; Viciosa, Dionisio, Silva, Reis, & Mano, 2004; Sandford, 1990).
he solubility is obtained at pH < 6.5 at pH 4.5 and below, they are
ompletely protonated (Rinaudo, Milas, & Dung, 1993). The effect
f the free amino group in partially N-acetylated derivatives play
n important role in different phenomena observed in the combi-
ation of CS with polymers like polysaccharides (Hirano, Mizutani,
amaguchi, & Miura, 1978), poly(ethylene oxide) (Mucha, 1998;
rzyszczynski et al., 1995), and functionalized vinyl polymers
Castro, Gargallo, Leiva, & Radic, 2005; Sandoval, Castro, Gargallo,
adic, & Freire, 2005).

Due to the polyfunctionality of chitosan, its use in polymer
lends seems to be interesting in order to obtain biodegradable

∗ Corresponding author. Fax: +56 2 6864744.
E-mail address: dradic@puc.cl (D. Radic).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.07.027
materials. The fact that CS has –OH and –NH2 free groups, which
are able to interact by hydrogen bonding with other functionalized
polymers, is a starting point to obtain new biodegradable blends
with new properties.

It is well known that polymer blends have been a matter of cur-
rent interest in the last years (Brus, Dybal, Schmidt, Kratochvil, &
Baldrian, 2000; Kono, Iwase, & Kanamori, 2008; Urzúa, Gargallo, &
Radic, 2000; Wang, Wang, Zhang, Wan, & Ma, 2008). Blending is
a common and potentially versatile way to develop new materials
with designed properties, which cannot be reached by using single
polymers. The use of polymer blends as a source for new materials
is severely limited by the incompatibility of many polymer pairs
of interest due to entropic reasons (Brus et al., 2000; Urzúa et al.,
2000; Ten Brinke, Karasz, & MacKnight, 1983).

Therefore, in order to reach compatibility, specific interac-
tions are necessary to produce negative heats of mixing (Cowie,
Elexpuru, & McEwen, 1991; Jaworska, Sakurai, Gaudon, & Guibal,
2003; Kambour, Bendler, & Boop, 1983; Kim et al., 1996a, 1996b).
By this way, the chemical structure of the polymeric components
plays an important role in order to enhance interactions which
can promote miscibility. The role of polymer–polymer interactions
(which determine the phase behavior and final properties of poly-

mer blend materials) is of interest in the prediction of miscibility
of polymer blends. The use of functionalized polymers represents
a good way to obtain interacting polymers which can produce a
single-phase material or a compatible blend with enhanced prop-

dx.doi.org/10.1016/j.carbpol.2010.07.027
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:dradic@puc.cl
dx.doi.org/10.1016/j.carbpol.2010.07.027
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Table 1
Glass transition temperatures (Tg) of the blends for different CS/PSS compositions (wt%).
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tosan are strongly interacting groups by hydrogen bonds, and/or to
the interaction between –NH3

+ and –SO3
− in the blend, what could

be the reason of the displacements observed in the IR spectra and
allow to assume compatibility (Table 3).

Table 2
Shifts of FTIR bands (cm−1) for CS/PSS blends in the absorption zones of –OH and
–NH2 groups at different compositions (wt%), and for blends of CS/PSS blends in the
absorption zones of the –S( O)2 group.

PSS (wt%) –OH and –NH2

3400 cm−1 zone
Shifts –NH2

1560 cm−1

zone

S( O)2

1160 cm−1

zone

–S( O)2

1040 cm−1

zone

0 – – – –
10 2 2 29 5
20 28 4 29 5
30 29 4 29 4
40 28 4 3 4
Tg (K) 380 412 405 371 386

rties. The aim of this work is the study of the compatibility of
hitosan with poly(sodium-4-styrene sulphonate) (PSS) using dif-
erent experimental techniques.

. Materials and methods

Poly(sodium-4-styrene sulphonate) is a commercial polymer
rom Aldrich with an average molecular weight of 70,000. Chi-
osan used has a degree of acetylation of around 20%, with a
iscometric-average molecular weight of 360,000. This polymer
as been obtained from a chemical modification of chitin provided

rom Federal University of Ceará in Brasil.
Viscometric-average molecular weight of chitosan was esti-

ated by viscosity measurements in acetic acid 0.1 M and NaCl
.2 M using the viscometric relationship: K = 1.81 × 10−3 Mn0.93

Maghami & Roberts, 1988).
Blends were obtained in solution using dilute aqueous solution

f acetic acid (HAc). The acid concentration was 0.5% (v/v) and
he pH of the solution was 4.2. Polymer concentration was always
round 1.5% (w/w). Composition of blends varied between 10 and
0 wt%. Blends were dried at 35 ◦C in a vacuum oven during 3 weeks.
he water content estimated by TGA is about 7–8%. i.e. seven water
olecules per hundred of ionic site.
FTIR spectra of the polymers and blends were recorded in a

ruker Vector 22 spectrophotometer. Spectra were obtained with
resolution of 1 cm−1 and 20 scans.

Thermal degradation of the samples was performed using a
GA/SDTA 851 Mettler–Toledo thermobalance and the data were
rocessed using the STARe version 8.1 program from Mettler.

Glass transition temperature (Tg) of the samples was deter-
ined using a Mettler–Toledo DSC 821-700 calorimetric system

quipped with a FRS5 sensor. Thermograms were measured in the
ange between 233 and 473 K at a scan rate of 20◦/min, with dry
itrogen as purge gas.

WAXS measurements were performed on pressed samples
rradiated using a Bruker D8 Advance diffractometer operating

ith Ni-filtered CuKa1,2; Kb radiation source (˛ = 1.542 Å). Powder
iffraction spectra were recorded with 40 kV voltage and 40 mA

ntensity.
Atomic force microscopy characterization of samples was

arried out using the tapping mode with a Digital Instru-
ents Nanoscope IIIa Multimode microscope with J scanners of

00 × 200 �m.
A Novocontrol Alpha high resolution dielectric analyzer, con-

ected with a computer and a Novocontrol Novocool cryogenic
ystem for temperature control, was used for dielectric mea-
urements. Blends were measured between 223 and 453 K at a
requency of 1300 Hz. Films were obtained directly by solution
asting using a mould of 2.5 cm diameter.

. Results and discussion

Dry and transparent blends of CS and PSS, were measured by

SC. All samples showed single glass transition temperatures. This

esult, as a first approach, would be indicative of one-phase mate-
ial. This is true if the presence of a single glass transition is
onsidered as a criterion for miscibility between the components
f the blends, but taking into account that pure components show
380 382 377 376 373 371

quite similar Tg values, further experiments are necessary to con-
firm the presence of one-phase material. Table 1 summarizes the
obtained values of Tg for CS/PSS blends as function of the blend com-
position. Scattering of the points and a discontinuous variation of
the glass transition temperature with composition are observed.
These results suggest the need for using other complementary
experimental techniques in order to determine the compatibility
level between blend components.

FTIR absorptions of the pure components and blends show some
displacements which are summarized in Table 2. In the zone of
3400 cm−1, corresponding to the amino and hydroxyl groups, small
shift for the different blend compositions relative to the pure com-
ponents can be observed. There are shifts until 26 cm−1, relative
to the absorption band of pure CS. This result could be interpreted
as a consequence of some kind of strong interaction between the
components of the blends. Nevertheless, it is necessary to take
into account that in this absorption zone the overlapping of the
–NH2 and –OH groups does not allow to clarify in unequivocal
way the real response of the polymeric blend. Another absorp-
tion zone in the IR spectra that can be useful to get confidence
about the interactions between the polymers is that at 1560 cm−1,
which corresponds to the absorption of the –NH2 groups. In this
zone of the IR spectra the shift of the bands changed from 4 to
10 cm−1, being larger when the composition of PSS in the blend
increased. This result could be attributed to the interaction of the
amino group of the CS with the SO3

− group of PSS, increasing with
the increase of PSS amount. In the same way, the zone of 1160
and 1040 cm−1 of the IR spectra that corresponds to the vibration
of the sulphonate groups, showed displacements when compared
with pure PSS (see Table 2), that could be attributed to interactions
between the sulphonate group of PSS and the –NH2 or –OH or both
groups of chitosan. According to the chemical structure of the poly-
mers, the interaction through hydrogen bonds is highly probable.
In fact in previous works dealing with the compatibilization of chi-
tosan with interacting synthetic polymers, the compatibilization
process was attributed to hydrogen bonding formation (Castro et
al., 2005; Sandoval et al., 2005). The –OH and –NH2 groups of chi-
50 20 3 3 3
60 17 10 7 1
70 25 11 2 1
80 26 17 5 1
90 26 12 2 1
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Table 3
Shifts of FTIR bands for blends CS/PSS blends in the absorption zones of the –S( O)2

group.

PSS (%) S( O)2

(cm−1)
Shifts S( O)2

(cm−1)
S( O)2

(cm−1)
Shifts S( O)2

(cm−1)

10 1155 29 1035 5
20 1155 29 1035 5
30 1155 29 1036 4
40 1181 3 1036 4
50 1187 3 1038 2
60 1191 7 1039 1
70 1186 2 1039 1
80 1189 5 1039 1
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Fig. 2. WAXS measurements representation of the powder diffraction spectra of

mental techniques used above are the most commonly reported to
decide if a polymeric blend is compatible or not, but as it can be
observed in this case the results are not conclusive.
90 1186 2 1040 0
100 1184 – 1040 –

According to the results summarized above there is some evi-
ence of interactions, which could allow to assuming compatibility
f the polymers in some extent. On the other hand, taken into
ccount the ionic character of the polymers electrostatic interaction
ould be another contribution to formation of the blend. Neverthe-
ess this information is not enough to get a definite conclusion.
or this reason thermogravimetric analysis of the pure compo-
ents and the blends was also used as another procedure to get
ore information about the behavior of the blends. Fig. 1 shows

he thermogravimetric curves for PSS, CS and blends, represented
s the first derivative of the weight loss with temperature (dm/dT).
his kind of representation is a better way to observe the degra-
ation temperature than the diagrams of pure weight loss versus
emperature. The analysis of the thermogravimetric profiles allow
o conclude that a 7–7.5% of water molecules relative to the total
onic sites are present, i.e. there are about seven water molecules
er hundred of ionic sites. This result was obtained by the com-
arison of the areas of the peaks in the second derivative of the
hermogravimetric profile, and also by the own software of the
quipment (STARe version 8.1). Thermogravimetric profiles fol-
ow a two-stage decomposition process for pure compounds and
lends but for blends the process occurs at lower temperatures
han that of the pure components. This is an unusual behavior

f blends if this thermal behavior is compared with the results
eported for blends of CS with other vinyl polymers (Castro et al.,
005; Sandoval et al., 2005), where the thermal degradation of the
lends was found at higher temperatures than that of the pure com-

ig. 1. First derivative of the degradation profiles (dm/dT) for pure chitosan,
oly(sodium-4-styrene sulphonate) and CS/PSS blends of several compositions
wt%).
chitosan using Ni-filt CuKa1,2; Kb radiation source (˛ = 1.542 Å) at 40 kV voltage and
40 mA intensity.

ponents, what was attributed to the formation of a new material
with enhanced thermal properties. This unusual result could be
attributed to incompatibility of the polymeric components. There-
fore, the experimental results obtained by different experimental
techniques are contradictory. A noteworthy point is that the experi-
Fig. 3. a) Dielectric spectra of tan ı vs. temperature as measured at 1300 Hz for pure
CS and PSS and blend containing 30 and 50 wt% PSS. b) Dielectric spectra of tan ı
vs. temperature as measured at 1300 Hz in the temperature range of secondary
relaxation for pure CS and PSS and blends containing 50, 70 and 90 wt% PSS.
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Fig. 4. Topography (left) and phase images (right) for films of CS

As shown in Fig. 2, diffractograms of chitosan exhibited a
rystallinity peak whose maximum occurred at the angle 2� = 20◦

nd a small but broad peaks region corresponding to its amor-
hous material was also observed. This is a pattern similar to
hose reported for shrimp material with low crystallinity degree.
he crystallinity degree was around 25% as calculated by the
atio of the crystalline peak area and the sum of crystalline and
morphous areas (Jaworska et al., 2003; Kim et al., 1996a, 1996b;
i & Marchessault, 1997).

In order to clarify compatibility behavior, it was necessary
o turn to other experimental techniques. Dielectric relaxation
pectroscopy (DRS) of the pure components and blends is another
ay to attempt to clarify the behavior of the blends. DRS has been
sed by several authors to characterize chitosan, specially for
nalyzing the effect of water in the molecular motions (Nogales
t al., 1997; Viciosa et al., 2004; Viciosa, Dionisio, & Mano, 2006;
tevenson, Kozanecki, & Okrasa, 2005). Moreover, both unmodi-
ed PS and sulphonated PSS have been analyzed in terms of DRS

Atorngitjawat, Klein, & Runt, 2006; Costa, Rubinger, & Martins,
007; Hao, Bohning, & Schonhals, 2007; Wypych et al., 2005), so
RS seems to be a suitable technique for studying the behavior of
lends.
ed at different magnifications: a) 5 �m, b) 10 �m and c) 50 �m.

Fig. 3a shows the evolution of tan ı with temperature at a fre-
quency of 1300 Hz for pure CS, PSS and blends with 30, 50 and
70 wt% PSS. For pure CS, a strong relaxation process can be seen,
probably related with water desorption mechanism upon heating
of the sample (Nogales et al., 1997; Viciosa et al., 2004, 2006). For
pure PSS two relaxation processes are detected: the main � relax-
ation (associated to the glass transition), centered at around 120 ◦C
similar to that shown previously for unmodified PS (Atorngitjawat
et al., 2006; Costa et al., 2007; Hao et al., 2007; Wypych et al., 2005),
and the secondary � relaxation at temperatures below 0 ◦C, related
with the rotation of phenyl groups, that has also been detected for
pure polystyrene (PS) (Wypych et al., 2005).

As it can be seen, the secondary relaxation is higher with respect
to pure PS, probably due to the ionic species attached to the aro-
matic ring, while the main relaxation (indicated by an arrow) is
weak compared with the � relaxation. For CS/PSS blends, the main
relaxation process, associated with both processes described for
pure components, water desorption of CS and the main relaxation

of PSS, is displaced towards the region of the main relaxation of PSS,
thus clearly indicating that specific interactions do exist between
the components of the blends. The secondary relaxation of PSS
is also detected for 30/70 CS/PSS blend. For a better visualiza-
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ig. 5. Topography (left) and phase images (right) for films of poly(sodium-4-styre

ion, Fig. 3b shows the evolution of tan ı with temperature in the
ange of the secondary relaxation. The secondary relaxation is dis-
laced towards higher temperatures and its height significantly
ecreases with respect to pure PSS as the CS content increases
ven disappearing for chitosan contents higher than 30 wt%. This
act seems to be related to the interactions between the –SO3

−

roup linked to the phenyl group of PSS (responsible of the relax-
tion) and –OH groups of CS. As it has been shown above by
TIR, DRS seems to confirm the interactions between the compo-
ents of the blends.

Atomic force microscopy is an experimental technique that
ould also allow to add interesting information about the com-
atibility of the blends from a different point of view. Fig. 4a–c
hows the AFM topography and phase images for films of pure
S and Fig. 5a–c for pure PSS, obtained with different magnifica-
ions. For CS, a fibrous crystalline structure formed by crystalline
hiskers can be seen. This structure is also observed after chem-
cal treatments in cellulose extracted from plants. For PSS, also a
tructure formed by nanosized but also some microsized domains
mbedded in a smooth flat matrix can be seen. On the other hand,
ig. 6a–c shows both topography and phase images for the 50/50
S/PSS blend. The morphology is completely different from that
phonate) obtained at different magnifications: a) 5 �m, b) 10 �m and c) 50 �m.

observed for pure components and two phases can be clearly
distinguished.

The smooth flat phase could correspond to the flat part seen
in pure PSS images, while the other one, constituted by individ-
ual and interconnected rough and globular domains, containing
more or less spherical particles interconnected between them by
the other component, could correspond to the rearrangement of the
whiskers or worm-like entities seen in 5 �m images of both CS and
PSS.

The change in the morphology of the crystalline structure pos-
sibly is mainly the consequence of the interactions between the
hydroxyl amine groups of chitosan and the sulphonate groups of
PSS. These morphological changes could be responsible of the lower
temperatures for degradation shown above by TGA.

4. Conclusions
CS/PSS blends have been characterized by different experimen-
tal techniques in order to analyze their compatibility behavior. The
analysis of FTIR spectra of pure components and blends show dis-
placement in several bands, attributed to the interactions between
the sulphonate group of PSS and –OH of chitosan.
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Fig. 6. Topography (left) and phase images (right) for films of 50/50 wt% CS

The thermogravimetric profiles follow a two-stage decompo-
ition process for pure compounds and blends but for blends the
rocess occurs at lower temperatures than that of the pure compo-
ents. This is an unusual behavior of blends if this thermal behavior

s compared with the results reported for blends of CS with other
inyl polymers.

In order to clarify compatibility behavior, blends were char-
cterized by dielectric relaxation spectroscopy and atomic force
icroscopy. DRS spectra seem to indicate the existence of inter-

ctions between the sulphonate groups of PSS and –OH groups
f chitosan. The secondary relaxation of PSS (related with the
otation of phenyl groups) is displaced to higher temperatures
nd its height decreases due to the presence of chitosan as a
onsequence of polar interactions between specific groups of the
omponents.

As shown by AFM, the morphology of the blends is different
rom that of pure components. Two phases can be distinguished.

ne phase is smooth flat and could correspond to amorphous PSS,
hile the other one, presenting rough and globular interconnected
omains, could contain the independent nanocrystalline domains
etected for both CS and PSS. The change in the morphology of
he crystalline structure leading to the globular agglomeration
lend obtained at different magnifications: a) 5 �m, b) 10 �m and c) 50 �m.

of nanocrystalline domains seems to be mainly the consequence
of the interactions between the hydroxyl groups of chitosan and
the sulphonate groups of PSS. These morphological changes could
be responsible of the lower temperatures for degradation shown
above by TGA.

Acknowledgements

Cristian Castro thanks to CONICYT for a Ph.D. fellowship,
and project AT-24060131 for doctoral help. D.R. and L.G.
acknowledge the partial financial help from Fondecyt grant
1080007.

References

Atorngitjawat, P., Klein, R. J., & Runt, J. (2006). Dynamics of sulfonated polystyrene
copolymers using broadband dielectric spectroscopy. Macromolecules, 39,

1815–1820.

Brunel, F., Veron, L., Ladaviere, C., David, L., Domard, A., & Delair, T. (2009). Synthesis
and characterization of chitosan nanogels. Langmuir, 25, 8935–8943.

Brus, J., Dybal, J., Schmidt, P., Kratochvil, J., & Baldrian, J. (2000). Order and mobility
in polycarbonate–poly(ethylene oxide) blends studied by solid-state NMR and
other techniques. Macromolecules, 33, 6448.



rate Po

C

C

C

D

H

H

K

J

K

K

K

L

M

M

N

O

Wrzyszczynski, A., XiaQu, L., Szosland, L., Adamczak, E., Linden, L. A., & Rabek, J.
C. Castro et al. / Carbohyd

astro, C., Gargallo, L., Leiva, A., & Radic, D. (2005). Interactions of blends containing
chitosan with functionalized polymers. Journal of Applied Polymer Science, 97,
1953–1960.

osta, L. C., Rubinger, C. P. L., & Martins, C. R. (2007). Dielectric and morphologi-
cal properties of PAni-DBSA blended with polystyrene sulfonic acid. Synthetic
Metals, 157, 945–950.

owie, J. M. G., Elexpuru, E. M., & McEwen, I. J. (1991). Miscibility of solution-
chlorinated polyethylene with poly(�-methylstyrene-co-acrylonitrile). Journal
of Polymer Science Part B: Polymer Physics, 29, 407–412.

ong, Y., Ruan, Y., Wang, H., Zhao, Y., & Bi, D. (2004). Studies on glass transition
temperature of chitosan with four techniques. Journal of Applied Polymer Science,
93, 1553–1558.

ao, N., Bohning, M., & Schonhals, A. (2007). Dielectric properties of nanocompos-
ites based on polystyrene and polyhedral oligomeric phenethyl-silsesquioxanes.
Macromolecules, 40, 9672–9679.

irano, S., Mizutani, R., Yamaguchi, R., & Miura, O. (1978). Formation of the polyelec-
trolyte complexes of some acidic glycosaminoglycans with partially N-acylated
chitosans. Biopolymers, 17, 805–810.

ambour, R. P., Bendler, J. T., & Boop, R. C. (1983). Phase behavior of polystyrene,
poly(2,6-dimethyl-1,4-phenylene oxide), and their brominated derivatives.
Macromolecules, 16, 753–757.

aworska, M., Sakurai, K., Gaudon, P., & Guibal, E. (2003). Influence of chitosan
characteristics on polymer properties. I: Crystallographic properties. Polymer
International, 52, 198–205.

im, S. S., Kim, S. H., & Lee, Y. M. (1996a). Preparation, characterization and properties
of �-chitin and N-acetylated �-chitin. Journal of Polymer Science, Part B: Polymer
Physics, 34, 2367–2374.

im, S. S., Kim, S. H., & Lee, Y. M. (1996b). Preparation, characterization, and prop-
erties of �-chitin and N-acetylated �-chitin. Journal of Polymer Science, Part B:
Polymer Physics, 34, 2367–2672.

ono, T., Iwase, E., & Kanamori, Y. (2008). TOF-SIMS analysis of
polystyrene/polybutadiene blend using chemical derivatization and
multivariate analysis. Applied Surface Science, 255, 997–1000.

i, J., & Marchessault, R. H. (1997). Effect of degree of deacetylation of chitin on the
properties of chitin crystallites. Journal of Applied Polymer Science, 65, 373–380.

aghami, G. G., & Roberts, G. F. (1988). Studies on the adsorption of anionic dyes on
chitosan. Makromolekulare Chemie, 189, 195–201.

ucha, M. (1998). Rheological properties of chitosan blends with poly(ethylene
oxide) and poly(vinyl alcohol) in solution. Reactive Functional Polymers, 38,

19–25.

ogales, A., Ezquerra, T. A., Rueda, D. R., Martinez, F., & Retuert, J. (1997). Influence
of water on the dielectric behavior of chitosan films. Colloid and Polymer Science,
275, 419–425.

sman, Z. (2005). Thermal and conductivity studies of chitosan acetate-based poly-
mer electrolytes. Ionics, 11, 431–435.
lymers 83 (2011) 81–87 87

Pillai, C. K. S., Paul, W., & Sharma, P. (2009). Chitin and chitosan polymers: Chemistry,
solubility and fiber formation. Progress in Polymer Science, 34, 641–678.

Radhakumary, C., Nair, P. D., Mathew, S., & Nair, C. P. (2005). Biopolymer com-
posite of chitosan and methyl methacrylate for medical applications. Trends in
Biomaterials & Artificial Organs, 18, 117–124.

Rao, V., & Johns, J. (2008). Thermal behavior of chitosan/natural rubber latex blends.
TG and DSC analysis. Journal of Thermal Analysis and Calorimetry, 92, 801–806.

Rinaudo, M., Milas, M., & Dung, P. L. (1993). Characterization of chitosan. Influence
of ionic strength and degree of acetylation on chain expansion. International
Journal of Biological Macromolecules, 15, 281–285.

Sandford, P. A., & Hutchings, G. P. (1987). Industrial polysaccharides. In M. Yal-
pani (Ed.), Chitosan. A natural, cationic biopolymer: Industrial applications (pp.
363–376). Amsterdam: Elsevier.

Sandford, P. A. (1990). In G. Skjak-Braek, T. Anthonsen, & P. A. Sandford (Eds.),
Chitin/chitosan: Sources, chemistry, biochemistry, physical properties, and appli-
cations. Amsterdam: Elsevier.

Sandoval, C., Castro, C., Gargallo, L., Radic, D., & Freire, J. J. (2005). Specific interactions
in blends containing chitosan and functionalized polymers. Molecular dynamics
simulations. Polymer, 46, 10437–10442.

Skaugrud, O. (1989). Chitosan makes the grade. Manufacturing Chemist, 60, 31–35.
Stevenson, I., Kozanecki, M., & Okrasa, L. (2005). Physical aging of atactic polystyrene

as seen by dielectric relaxational and low-frequency vibrational Raman spectro-
scopies. Journal of Non-Crystalline Solids, 351, 2593–2598.

Ten Brinke, G., Karasz, F. E., & MacKnight, W. J. (1983). Phase behavior in copoly-
mer blends: Poly(2,6-dimethyl-1,4-phenylene oxide) and halogen-substituted
styrene copolymers. Macromolecules, 16, 1827–1832.

Urzúa, M., Gargallo, L., & Radic, D. (2000). Blends containing amphiphilic polymers.
II. Poly(N-1-alkyl itaconamic acids) with poly(4-vinylpyridine) and poly(2-
hydroxypropyl methacrylate). Journal of Macromolecular Science, Part B: Polymer
Physics, B39, 143–154.

Viciosa, M. T., Dionisio, M., Silva, R. M., Reis, R. L., & Mano, J. F. (2004). Molecular
motions of chitosan studied by dielectric relaxation spectroscopy. Biomacro-
molecules, 5, 2073–2078.

Viciosa, M. T., Dionisio, M., & Mano, J. F. (2006). Dielectric characterization of neu-
tralized and nonneutralized chitosan upon drying. Biopolymers, 81, 149–159.

Wang, R., Wang, S., Zhang, Y., Wan, C., & Ma, P. (2008). Toughening modification of
PLLA/PBS blends via in situ compatibilization. Polymer Engineering and Science,
49, 26–33.
F. (1995). Blends of poly(ethylene oxide) with chitosane acetate salt and with
dibuturylchitin: Structure and morphology. Polymer Bulletin, 34, 493–500.

Wypych, A., Duval, E., Boiteux, G., Ulanski, J., David, L., & Mermet, A. (2005). Effect of
physical aging on nano- and macroscopic properties of poly(methyl methacry-
late) glass A. Polymer, 46, 12523–12525.


	Blends containing chitosan and poly(sodium-4-styrene sulphonate). Compatibility behavior
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


