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ABSTRACT: The phase behavior of blends containing chi-
tosan with poly(vinyl-alcohol) (PVA) and poly(2-hidroxy-
ethyl methacrylate) (P2HEM) was analyzed. Blends were
obtained by casting from acetic acid solution (HAc) and
1,1,1,3,3,3 hexafluoro-2-propanol (HF2P) and studied by
DSC, FT-IR, and TGA. The phase behavior of the blends of
chitosan with PVA and P2HEM, studied by DSC, shows that
the systems behave as one-phase systems in HAc as well as
in HF2P according to the DSC results. According to the
results of FT-IR analyses of the different absorptions of the
blends, relative to the pure components, they show an im-
portant shift that is considered evidence of an interaction
between the components of the blends. The thermogravi-
metric analysis of the blends and the pure components

shows that the temperature for thermal degradation of the
blends is higher that that of the pure components, irrespec-
tive of the solvent casting from which the mixture was
obtained. These results are interpreted as the formation of a
new product that corresponds to a compatible polymer
blend. The compatibilization of these systems is attributed to
strong interactions, like hydrogen bonds formation between
the functionalized polymers and chitosan, due to the pres-
ence of interacting functional groups in all the polymers
studied. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 97:
1953–1960, 2005
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INTRODUCTION

Polymer blends are a matter of active interest in recent
years, mainly due to being a versatile way to develop
new materials with designed properties that cannot be
reached by using single polymers. The development
of new useful blends however is severely limited by
the incompatibility of many polymer pairs of interest
due to entropic reasons.1–3 Specific interactions, as
well as the dilution of repulsive interactions by less
favorable ones, can produce negative heats of mix-
ing.4–7 By this way, the chemical structure of the poly-
meric components plays an important role in enhanc-
ing interactions that can promote miscibility. The role
of polymer–polymer interactions in determining the
phase behavior and final properties of polymer blend
materials is of interest in the prediction of miscibility
in polymer blends.8–10 The use of functionalized poly-
mers represents a good way to obtain interacting poly-
mers that can produce a single-phase material.8–14

Chitosan can be considered a strongly interacting
polymer that can allow one to obtain compatible poly-
mer blends.

Chitosan is a natural polymer, (13 4)-2-amino-2-
deoxy-�-d-glucan (see Scheme 1), which consists of
N-deacetylated derivatives of chitin (13 4)-2-acet-
amido-2-deoxy-�-d-glucan.15–17 A small amount of
free amino groups is generally present in naturally
occurring chitin. This natural polymer, which has a
similar structure to that of cellulose, presents several
functional groups, which are able to interact with
other functionalized polymers. In fact, chitosan has
four hydroxyl groups, an amine group, and a minor
proportion of amide groups, which are, in general,
partially hydrolyzed; therefore, some carboxylic acid
groups can be present. The importance and applica-
tions of chitosan in photography, ophthalmology, ag-
ricultural, medical, and food and cosmetic industries
have been described elsewhere.18,19 Modification of
chitosan by compatibilization with other polymeric
materials could be of interest for different applica-
tions.

Compatibility in multifunctional polymers is in gen-
eral favored by specific interactions, such as hydrogen
bonds, dipole–dipole, acid–base, or complexation be-
tween the components.20 These interactions give rise
to negative heats of mixture favoring the mixing pro-
cess.20–22 The aim of this work is to analyze, by dif-
ferential scanning calorimetry (DSC), Fourier trans-
form infrared spectroscopy (FT-IR), and thermogravi-
metric analysis (TGA), the compatibilization process
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of chitosan with poly(vinyl alcohol) (PVA) and poly(2-
hidroxyethyl methacrylate) (P2HEM) and the solvent
casting effect on this process.

EXPERIMENTAL

Polymers

Poly(vinyl alcohol), 99�% hydrolyzed, and poly(2-
hydroxyethylmethacrylate) (P2HEM) used was a com-
mercial product supplied by Aldrich and has a
weight-average molecular weight, Mw � 50,000 and a
viscosimetric average molecular weight, Mv �
300,000, respectively.

The chitosan used was a 80% degree of deacetyla-
tion sample with, MV � 360,000. It was a biodegrad-
able natural copolymer obtained by chitin modifica-
tion.

Preparation of the blends

Blends of different compositions were prepared by
solution casting using acetic acid (HAc) solutions and
1,1,1,3,3,3-hexafluoro-2-propanol (HF2P). The poly-
mer concentration in the solution was about 0.7%
w/w.

DSC measurements

The glass transition temperatures (Tg) of the pure
polymers and blends were measured with a Mettler-
Toledo DSC 821 calorimetric system using the STARe

program. Polymer samples were dried under reduced
pressure in a vacuum oven prior to measurement. Dry
nitrogen was used as purge gas and thermograms
were measured in the range 223 to 473 K at a scan rate
of 20° min�1 and 298 to 473 K at a scan rate of 10°
min�1.

FT-IR measurements

Infrared spectra of pure polymers and blends were
recorded on a Vector 22 Bruker Fourier Transform
Infrared Spectrophotometer. The spectra were re-

corded with a resolution of 1 cm�1. The samples were
prepared directly in KBr pellets.

TGA measurements

The thermal degradation of the pure polymers and
blends was measured with a Mettler TG-50 system
equipped with a TC-10A processor using STARe pro-
gram and thermograms were measured in the range
298 to 1100 K at a scan rate of 20° min�1.

RESULTS AND DISCUSSION

Dry blends of chitosan with PVA and P2HEM were
transparent and showed thermograms exhibiting a
distinct single glass transition temperature (Tg). Figure
1 shows the DSC curves for blends of chitosan with
PVA and P2HEM obtained by casting from HAc as an
example and Figure 2 shows the corresponding phase
diagrams. A continuous variation of Tg, where values
are intermediate between the Tgs of the pure compo-
nents, is observed. This behavior would indicate mis-
cibility over the whole range of compositions, irre-
spective of the casting solvent used, i.e., HAc or HF2P.
However, the shapes of the blend and curves are
rather different depending on the solvent used. The
PVA/chitosan blend shows a sinusoidal shape when
the blends are cast from HAc, but a curve below the
line corresponding to the calculated values from the
pure components is observed when the casting solvent
is HF2P. On the other hand, in the case of P2HEM/
chitosan blend, there is a dramatic change in the shape
of the curves. Blends obtained from HAc give Tg val-
ues higher than those corresponding to the pure com-
ponents, while those obtained by casting from HF2P
show the opposite behavior. To analyze in a quantita-
tive way the variation of Tg with the blend composi-
tion for these systems the Gordon Taylor (GT),23

Couchman (C),24 and Kwei (K)25 treatments of the
data were used. The parameters obtained through
these equations are considered as semiquantitative
measures of the strength of the interaction between
the interacting groups of the polymeric components.26

Table I compiles the Gordon Taylor (KGT), Couchman
(KC), and Kwei (Kkwei) constants for the systems stud-
ied. These values of KGT and KC constants would
indicate that the interaction between the polymeric
components is enough to favor polymer–polymer mis-
cibility. However, the above two first procedures are
not the best fitting methods because they cannot de-
scribe the S-shaped curves like that of the PVA blend
from HAc. These curves can be fitted using the Kwei
equation:

Tg �
(w1Tg1 � kw2Tg2)

(w1 � kw2)
� qw1w2 , (1)

Scheme 1

1954 CASTRO ET AL.



where wi are the weight fractions of the components,
Tg is the glass transition temperature of the blend, and
Tgi are the glass transition temperatures correspond-
ing to the pure components. According to these results

it can be assumed that a strong interaction between
the components of the blends takes place. Annealed
blends show one single enthalpy relaxation peak,
which is indicative of miscibility. Miscibility between

Figure 1 DSC thermograms for the different polymer blends. (a) Curves for the blend P2HEM/chitosan from HAc; (b)
curves for the blend PVA/chitosan from HAc.
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chitosan and PVA or P2HEM can be attributed to
hydrogen bonding interaction, taking into account
that chitosan is an hydrophilic polymer and PVA and
P2HEM are polymers with hydroxyl groups that are
able to interact with the amine group or with the
hydroxyl groups of chitosan. In fact, these can be
considered as interacting polymers due to their func-
tional groups. Therefore, in the case of PVA/chitosan
blends, the existence of a one-phase material can be
attributed to hydrogen bond interaction betwen the
–OH group of PVA with the –OH or –NH2 group of
chitosan. A similar explanation could be assumed for
the P2HEM/chitosan blend, i.e., the –OH group of
P2HEM can interact via hydrogen bond with the –OH
or –NH2 groups of chitosan. Nevertheless, prelimi-
nary results dealing with molecular simulation seem
to indicate that the interactions take place mainly with
the –OH groups.

It is difficult to explain the miscibility behavior of
the blends depending on the solvent. This result can
be attributed to the different thermodynamic power of
the casting solvents. HAc is a good solvent for chi-
tosan and HF2P is a poor solvent for chitosan. There-
fore the hydrodynamic volume of chitosan in one
solvent is different from the other. As a result, the
conformation of the polymers in solution should be
rather different.

To obtain further information about the interactions
involved in the mixing process, FT-IR and thermo-
gravimetry measurements were performed. In gen-
eral, the shifts of the different absorptions in FT-IR are
small.27 Nevertheless, the results obtained by this
technique are generally considered to be complemen-
tary with those of calorimetric measurements and
thermogravimetry.

FT-IR spectra in the zone of amino and hydroxyl
groups were analyzed, using the computer program
of the apparatus. Following the absorption at about
3400 cm�1 at different blend compositions for the
blend chitosan-PVA, it is possible to observe a shift
toward higher frequencies than those of the pure
chitosan and P2HEM, which could be attributed to
the effect of one functional group of one polymer on
the functional group of the other. Figures 3(a) and
(b) show the FTIR spectra for PVA/chitosan blends
in the zone of 3400 cm�1 obtained from HAc and
HF2P, respectively. Analysis of this region is diffi-
cult because the hydroxyl and amino groups of
chitosan overlap. Nevertheless it is possible to ob-
serve a shift of the whole absorption that could be
interpreted as the result of an interaction between
the amino and/or hydroxyl groups of chitosan and
the hydroxyl of PVA. The shift of the absorption
bands in the blends reaches about 47 cm�1 for PVA
and 39 cm�1 for chitosan relative to the pure com-
ponents in blends obtained by casting from HAc. In
the same absorption zone for blends obtained from
HF2P, an important shift of the absorption bands
also is observed. This is a very important displace-
ment that would indicate strong interactions between
the polymeric components.18,19 These variations in the
blends should be the result of compatibilization of the
polymers. Therefore, it is possible to assume that a
one-phase system is present. This result is in agree-
ment with the previous calorimetric results, which

Figure 2 Phase diagrams, Tg versus composition (a) (f) % P2HEM from HAc; (Œ) % PVA from HAc; (b) (f) % P2HEM from
HF2P; (Œ)% PVA from HF2P.

TABLE I
Couchman (KC), Gordon-Taylor (KGT) and Kwei (KKWEI)

Constants for the Blends of P2HEM and PVA with
Chitosan Obtained from HAc and HF2P

Blends KC KGT KKWEI q

P2HEM/chitosan from HAc 0.29 0.30 1.76 13.1
PVA/chitosan from HAc 0.23 0.23 0.18 31.6
P2HEM/chitosan from HF2P 0.35 0.34 0.91 �25.8
PVA/chitosan from HF2P 0.46 0.43 0.23 �29.0
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allows us to conclude that miscibility between these
systems takes place.

In the case of blends of P2HEM with chitosan the
FT-IR analysis shows the same behavior in the sense
that results are in agreement with the calorimetric
results. Figures 4(a) and (b) show the FT-IR spectra for
these blends in the 3400 and 1700 cm�1 zones for those
systems obtained from HAc. Important shifts of the
absorption bands for P2HEM and chitosan are ob-
served. The displacement of the band for P2HEM
reaches about 60 cm�1 and that corresponding to chi-
tosan reaches 30 cm�1. On the other hand, a small shift
of the absorption band of the carbonyl group of

P2HEM is observed in the 1700 cm�1 zone. This shift
indicates that the carbonyl group of P2HEM is also
affected by the interaction with the other polymer.
Both results are indicative of strong interaction be-
tween the polymers. Similar behavior is observed for
P2HEM/chitosan blends obtained by casting from
HF2P. Figures 5(a) and (b) show the absorptions in the
3400 and 1700 cm�1 zones. The shift of the bonds
reaches about 30 cm�1 for the 3400 cm�1 band and 5
cm�1 for the 1700 cm�1 band, respectively. All of these
results seem to indicate that the blends are miscible
over the whole range of compositions.

Another complementary technique to obtain infor-
mation about the compatibility of the polymers blends

Figure 3 FT-IR absorption bands in the 3400 cm�1 region
for blends of PVA/chitosan obtained from HAc and HF2P,
respectively. (a) Blends obtained from HAc: a, chitosan; b,
PVA; c, PVA 20%; d, PVA 30%; e, PVA 50%; f, PVA 60%; g,
PVA 70%; h, PVA 80% and (b) from HF2P: a, chitosan; b,
PVA; c, PVA 20%; d, PVA 30%; e, PVA 40%; f, PVA 50%; g,
PVA 60%; h, PVA 70%.

Figure 4 (a) FT-IR absorption bands in the 3400 cm�1

region for blends of P2HEM/chitosan obtained from HAc: a,
chitosan; b, P2HEM; c, P2HEM 20%; d, P2HEM 30%; e,
P2HEM 40%; f, P2HEM 50%; g, P2HEM 60%; h, P2HEM 70%
and (b) absorption bands in the 1700 cm�1 region for
P2HEM/chitosan blends obtained from HAc: a, chitosan; b,
P2HEM; c, P2HEM 20%; d, P2HEM 30%; e, P2HEM 40%; f,
P2HEM 50%; g, P2HEM 60%; h, P2HEM 70%.
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is the dynamic thermogravimetric analysis of the pure
components and blends of chitosan with PVA and
P2HEM.17 Figures 6(a) and (b) show the degradation
profiles for PVA/chitosan blends obtained from HAc
solution and HF2P, respectively. These profiles are
represented as the first derivative of the weight loss
with temperature dM/dT. This kind of representation
is a better way to enhance the thermogravimetric be-
havior to observe the degradation temperature than
the diagrams of pure weight loss versus tempera-
ture.10 These thermogravimetric profiles follow a sin-
gle one-stage decomposition process for pure poly-
mers. For the blends, besides the main degradation

peak, a shoulder at higher temperatures is observed in
the systems obtained from HAc. For blends of PVA/
chitosan obtained from HF2P, a single one-stage de-
composition process is observed. The main observa-
tion of these systems is that decomposition of the
blends takes place at higher temperatures than those
for the degradation of the pure components, irrespec-
tive of the blend composition and the casting solvent
for the blend. The difference between the degradation
temperature for blends relative to the pure compo-
nents reaches almost 30°, an important difference that
would indicate the formation of a new more stable
component. This result seems to be another argument
indicative that the blend is compatible. In fact, there
are new products that degrade at higher temperatures

Figure 5 (a) FT-IR absorption bands in the 3400 cm�1 zone
for blends of P2HEM/chitosan obtained from HF2P: a, chi-
tosan; b, P2HEM; c, P2HEM 20%; d, P2HEM 30%; e, P2HEM
40%; f, P2HEM 50%; g, P2HEM 60%; h, P2HEM 70%; i,
P2HEM 80% and (b) absorption bands in the 1700 cm�1

region for P2HEM/chitosan blends obtained from HF2P: a,
chitosan; b, P2HEM; c, P2HEM 20%; d, P2HEM 30%; e,
P2HEM 40%; f, P2HEM 50%; g, P2HEM 60%; h, P2HEM
70%; i, P2HEM 80%.

Figure 6 (a) Thermogravimetric profiles for PVA/chitosan
blends obtained from HAc: a, PVA; b, chitosan; c, PVA 50%;
d, PVA 60%; e, PVA 70%; f, PVA 80%. (b) Thermogravimet-
ric profiles for PVA/chitosan blends obtained from HF2P: a,
PVA; b, chitosan; c, PVA 20%; d, PVA 30%; e, PVA 40%; f,
PVA 50%; g, PVA 60%; h, PVA 70%; i, PVA 80%.
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than the pure components. Therefore, it is possible to
assume that the new product, which would corre-
spond to a compatible polymer blend, has thermal
stability higher than that of the pure polymers. The
presence of two degradation profiles for some blends
would indicate that, in these particular cases, the
blend could constitute a compatible polymer blend
with a fraction of pure components that decompose at
their own degradation temperature. This means that
the blend could be partially compatible or, depending
on the composition, there is not enough material to
interact and to behave as one single component. Nev-
ertheless, the formation of a new product is inferred

with a higher degradation temperature than that of
the pure components, i.e., there is an enhancement of
the thermal stability due to the blending process. Fig-
ures 7(a) and (b) represent the degradation profiles for
the decomposition of blends of P2HEM with chitosan
obtained by casting from HF2P. As in the case of
PVA/chitosan blends, the blends of P2HEM/chitosan
show that the degradation of the blends takes place at
higher temperatures than that of the pure compo-
nents. This fact is indicative that the blend is compat-
ible.

CONCLUSIONS

Blends of chitosan with PVA and P2HEM obtained
from HAc as well as HF2P seem to be compatible.
This conclusion is reached by the analysis of the
calorimetric results, i.e., all the blends show a single
Tg value and the interaction constants obtained by
the Gordon-Taylor, Couchman, and Kwei proce-
dures show that strong interactions should take
place. The FT-IR and thermogravimetric analyses of
the different blends indicate the same conclusion.
According to these results, taking into account the
chemical structure of the polymers, the interaction
between the polymers can be attributed to hydrogen
bonding formation.
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