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a b s t r a c t

The blends obtained on the basis of biodegradable chitosan were investigated taking into consideration
possible miscibility of their components due to the presence of hydrogen bonds leading to formation of
complexes. However, the components of chitosan blends with hydroxypropyl cellulose, poly(ethylene
oxide), poly(vinyl alcohol) and starch show good miscibility only on a domain scale of micron or less size.

The Authors proposed the formula which considers the dependence of moisture content on the weight
fraction of the blend components and taking into account the observed lack of additivity resulting from
the presence of some molecular interactions (the parameter ð) of functional groups in the presence of
water.

Modelling of water sorption isotherms of polymer blends using the parameter ð leads to good correla-
tions with the experimental results simultaneously indicating that the greatest deviation from the mois-
ture additivity occurs in case of high water activity (water humidity).

� 2010 Published by Elsevier Ltd.
1. Introduction

Due to its nature, water interacts with hydrophilic polymers as
a result of the interactions of the type of hydrogen bonds. There-
fore, the physico-chemical properties of those polymers depend
on the presence of water in their structure (Pu, Wirsen, & Albert-
son, 2000). Moisture content present in polymers plays a key role
in such properties as the electrochemical and biological activity
of polymer membranes and their resistance to hydrolysis and
biodegradation.

In hydrophilic polymers part of adsorbed water is strongly
bound to the individual places of structure, i.e. the active groups.
This is a so-called bound water which is non-freezing and forming
a mono-layer. The closest layers of water in which particles are not
utterly free form the so-called partially bound water which is
freezing. The so-called free water is this part of water which has
not contacted with a solid body, filling its pores in a capillary form.
This is freezing water and it may be removed by centrifugation.

Polymer blends comprising one hydrophylic component are
materials of potentially better biodegradability with regard to the
possibility of diffusion of water together with enzyme to the inter-
nal structure of the material (Mucha & Pawlak, 2002).

Mixing of polymers is one of the most effective methods applied
to obtain materials of new properties, for instance, for biomedical
and technical applications.
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cha).
Due to its properties chitosan is a polymer which is widely
investigated and frequently applied to obtain new blends. Chitosan
is physically and/or chemically modified in order to improve its
mechanical strength, chemical and thermal stability as well as
modification of hydrophilicity. Modification of chitosan with other
polymers is a widely examined problem. As adblends to chitosan
there are applied the following compounds: poly(vinyl alcohol)
(Fambri, Pegoretti, Fenner, Incardona, & Migliaresi, 1997; Kim,
Oark, & Kim, 2003; Mucha, Ludwiczak, & Kawińska, 2005; Schelle-
kens & Bastiansen, 1991; Zhao et al., 2003) as well as polylactide
and poly(lactid acid) (Messai et al., 2005; Peesan, Supaphal, &
Rujiravanit, 2005). Great hopes are connected with chitosan blends
containing cellulose and its derivatives (Hasagawa, Isogai, Onabe,
Usuda, & Atalla, 1992; Twu, Huang, Chang, & Wang ,2003) and with
poly(ethylene oxide) (Amiji, 1995; Wrzyszczyński et al., 1995;
Mucha, Piekielna, & Wieczorek, 1999). The following systems:
chitosan/starch and chitosan/pullulan are also investigated (Lazari-
don & Biliadderis, 2002) as well as many others.

To describe water sorption isotherms a popular GAB equation
was applied (Anderson, 1946; Lewicki, 1997) and the parameters
of this equation k, C and Xm were determined on the way of
adjustment of the curves of the equation with the experimental
results.

X
Xm
¼ Ckaw

ð1� kawÞð1� kaw þ CkawÞ
ð1Þ

where:

aw – the activity of water above the solution and sample;
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Table 1
Designation of the samples of blends CH78 with HPC, PVAL, PEO and S.

Name of polymer Weight fraction of chitosan in a
blend (wf)

Designation of the
blend

Hydroxypropyl
cellulose HPC

0,8 CH78/HPC–0,8
0,6 CH78/HPC–0,6
0,4 CH78/HPC–0,4
0,2 CH78/HPC–0,2

Poly(vinyl alcohol)
PVAL

0,8 CH78/PVAL–0,8
0,6 CH78/PVAL–0,6
0,4 CH78/PVAL–0,4
0,2 CH78/PVAL–0,2

Poly(ethylene oxide)
PEO

0,8 CH78/PEO–0,8
0,6 CH78/PEO–0,6

Gellified starch S 0,85 CH78/S–0,85
0,75 CH78/S–0,75
0,65 CH78/S–0,65
0,55 CH78/S–0,55
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X – the quantity of an adsorbed substance (adsorbate) remain-
ing in the equilibrium state with the pressure of the adsorbate
in a gas phase in g/g of an adsorbent;
Xm – indispensable amount of adsorbate for covering the adsor-
bent with a mono-molecular layer;
C – the constant of GAB equation is connected with pure
adsorption heat;
k – the coefficient of GAB equation connected with the energy
which is essential to transport one mole of a liquid into the
adsorbate layer which has already existed.

The condition of solubility of a macromolecule in a solution as
well as the miscibility of both polymers is a negative value of free
enthalpy of mixing:

DG ¼ DH � TDS < 0 ð2Þ

Due to the fact that DS > 0 and in case of the polymer it attains a
rather low value, the value DH should also be low to fulfill the con-
dition. In accordance with the Flory–Huggins’ law the free enthalpy
of the blend DGm may be defined by the following equation:

DGm ¼
RTV
Vs

x1

z1
ln x1 þ

x2

z2
ln x2 þ vx1x2

� �
ð3Þ

where:

xi – volumetric or mass fraction of i-component;
V – volume of the blend;
Vs – reference volume equal to the molar volume of mer;
zi – degree of polymerization of i-polymer;
R – the gas constant;
T –temperature;
v – the parameter of interaction (Flory–Huggins) polymer–
polymer.

In case of good miscibility of two polymers, parameter v should
attain the negative values.

Analyzing water sorption isotherms of the investigated blends
from the point of view of components’ interactions in the presence
of water the occurrence of deflection of the adsorbed moisture con-
tent value by the blends from the additivity was found. Writing Eq.
(4), which indicates this deflection from the additivity resulting
from the components fraction, parameter ð dependent on aw was
calculated:

X ¼ wf X1 þ ð1�wf ÞX2 þ ðwf ð1�wÞf Þ ð4Þ

where:

X1 – the quantity of moisture adsorbed by the first polymer
(chitosan) in the investigated water activity (aw),
X2 – the quantity of moisture adsorbed by the second polymer
in the investigated water activity (aw),
wf – weight fraction of the first blend component (chitosan);
ð – the so-called parameter of interaction in the presence of
water, derived by an analogy to parameter v from the Flory–
Huggins Eq. (3),
ðwf�(1-wf) – the factor of deflection of moisture content from
the additivity.

2. Experimental

2.1. Materials

Chitosan (CH) was produced at the Sea Fisheries Institute in
Gdynia. Blends on the basis of chitosan of a deacetylation degree
DD = 78,40% and molecular mass Mw = 2,10 � 105 g/mol were
investigated.

Poly(vinyl alcohol) (PVAL) of molecular mass 7,2 � 104 g/mol
was purchased at the Polish Chemical Reagents company.

Hydroxypropylcellulose (HPC) of molecular mass 10 � 104 g/
mol, produced by Sigma–Aldrich Chemie GmbH, Germany.

Potato starch (S) of moisture content 15,6%, of grain size 20 lm,
meeting the Polish norm PN–93/A–74710, produced by PPZ
‘‘Trzemeszno” Ltd.

Poly(ethylene oxide) of molecular mass 2 � 104 g/mol origi-
nated from the Polyscience Inc.

Blends of chitosan acetate (CH78) with HPC, PVAL, PEO and S in
the form of films of various weight fractions were obtained. To
reach that goal the following solutions were mixed: 2% solution
of chitosan in 1% acetic acid with: 2% water solution HPC (solving
time 3 days), 5% water solution PVAL (solving time 3 days), 2%
water solution PEO (solving time 1 day), 2% water solution of gel-
lified starch (solving at the temperature 55 �C with simultaneous
mixing to obtain gel of low viscosity).

Homogenous blends of the solutions of proper components
ratio were cast on a glass or Teflon plate. After vapourization of
the solvent the films CH78/HPC, CH78/PEO and CH78/PVAL of
thickness �13 lm and CH78/S of thickness�22 lm were obtained.
In Table 1 the assignment and composition of blends are presented.

2.2. Methods

Water sorption investigations in various water activities (the air
humidities) were carried out in the desiccators at ambient temper-
ature of about 23 �C. The desiccators with adjusted covers were
equipped with perforated inserts made of net on which the films
subjected to sorption were placed. Table 2 presents water activities
aw above saturated solutions of various salts in particular
desiccators.

The examined films of chitosan acetate and its blends were
dried at the temperature of about. 95 �C for about 30 min to obtain
the constant mass. The dry samples were placed in the desiccators.
The measurements of mass were performed up to constant value –
the moment of equilibrium state (sorption isotherms). Measure-
ment error of mass was estimated to be equal 8%.

3. Results and discussion

3.1. Morphology

Chitosan creates semi-miscible systems with polymers soluble
in water such as: poly(vinyl alcohol) PVAL and hydroxypropylcel-



Table 2
Water activities aw over saturated solutions of various salts in desiccators.

Salt Water activity (aw)

MgCl2 0,329
K2CO3 0,443
Mg(NO3)2 0,536
NaNO2 0,654
NaCl 0,765
BaCl2 0,904
H2O 1,000
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lulose (HPC) in the whole range of compositions as a result of for-
mation of complexes (Mucha & Pawlak, 2003). The microscopic
examinations of films CH78 and CH78/PVAL blends indicate the
homogenous structure. The films were transparent and did not dis-
play any over-molecular structure on the level of observation in an
optical microscope. Films CH78/HPC were transparent of slightly
milky colour and transparent blue glow. The study on glass tem-
perature indicates the components separation by annealing and
creation of two separate glass transition temperatures (Mucha &
Pawlak, 2005).
Fig. 1. Microphotograph of the morphology of CH78/HPC blend

Fig. 2. Microphotograph of the blend (a) CH78
In Fig. 1a and b microphotographs of the structure of the blend
CH78/HPC-06, of a dry sample and of the one containing about 40%
of water (after the equilibrium water sorption in the conditions of
water activity aw = 1) are presented. A visible increase of domain
size is observed and a miscibility of both components on a domain
level leading to an observed structure packing occurs.

The microscopic results of the CH78/PEO blends are demon-
strated in Fig. 2a and b. Poly(ethylene oxide) is a crystallizing poly-
mer. It crystallizes from the solution in the form of spherulites.

The presented microphotographs of morphology of CH78/PEO
blends show a clear modification of the morphological PEO
structure with the increasing content of CH in the blend. The
spherulitic structure of PEO is visible up to 0.8 chitosan fraction
in the samples. The presence of chitosan limited the nucleation
process of PEO which is reflected in a decrease of the number
of spherulites and an increase of their size. Chitosan is embed-
ded into the interlamellar structure of crystallites in PEO
spherulites.

Microphotograph of morphology of chosen sample of CH78/S
blends is demonstrated in Fig. 3. They present as like fibrillar starch
structure well distributed in the chitosan matrix. The CH78/S
blends of lower starch concentration have similar more packed
structure.
wf = 0.4; (a) a dry sample, (b) after water sorption in aw = 1.

/PEO–0.6 (b) CH78/PEO–0.8 (dry samples).



Fig. 3. Microphotograph of the blend CH78/S–0.65 (dry sample).

Fig. 5. Dependence of the parameter ð on aw for the investigated systems.

S. Ludwiczak, M. Mucha / Carbohydrate Polymers 79 (2010) 34–39 37
3.2. Modelling of sorption isotherms in the function of blends
composition

Fig. 4 presents plots of moisture content X on the chitosan
weight fraction for chosen water activities aw. The parameters ð
are calculated by the adjustment of the curves to Eq. (4).
Fig. 4. Dependence of the absorbed moisture X on chitosan weight fraction wf in blend
CH78/PEO in aw = 0.329 and 0.765 (d) CH78/S in aw = 0.443; 0.536 and 0.846.
The curves in Fig. 4 are of shape closer to rectlinear for low val-
ues of aw. Then, the parameter ð attains the values close to zero,
which proves the additivity of the water quantity absorbed by
two polymers in the blend which is due to the formation of a water
mono-layer. The parameter ð decreases with the increasing water
activity. Thus, the molecular interaction between the components
: (a) CH78/HPC in aw = 0.443 and 0.846 (b) CH78/PVAL in aw = 0.443 and 0.765 (c)



Fig. 6. Sorption isotherms derived from Eq. (4) with the parameter ð (dotted line) and the model GAB (continuous line) calculated for the blends: (a) CH78/HPC, (b) CH78/
PVAL, (c) CH78/PEO and (d) CH78/S. Points – experimental data.
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of the blends and the components with water change with the
increasing moisture content in the sample.

The dependence of the parameter ð on the water activity aw is
demonstrated in Fig. 5.

The sorption isotherms of blends presented in Fig. 6 and deter-
mined in accordance with Eq. (4) using the parameter ð, well de-
fine the experimental relation X = f(aw) and they present a good
agreement with the model GAB.

The values of parameters k, C and Xm of GAB model determined
for the examined systems were presented and discussed in other
publications (Balcerzak & Mucha, 2008; Mucha et al., 2005).
4. Conclusions

Water sorption isotherms of blends obtained on the basis of
biodegradable chitosan were investigated. A miscibility on a do-
main scale of micron size by the components of blends CH78/
HPC, CH78/PVAL, CH78/PEO, CH78/S is observed.

The dependence describing the moisture content in a blend
which considers the molecular interaction of components is
proposed. It allows to model the sorption isotherms of a given
blend in the function of its changing composition. The formula
takes into consideration the dependence of the quantity of the
adsorbed moisture content by the blend components not only
as a function of their weight fraction in the sample and also de-
fines the parameter ð between the components in the presence
of water.
The presented results of well fitting of Eq. (4) to the experimen-
tal data pinpoint the complexity of the parameter ð, which com-
prises the molecular interaction of both polymers with the
participation of water (depending on aw). At high aw the content
of the adsorbed water (moisture) influences the hydrogen bonds
between the polymeric components. For aw ? 0, ð one should re-
spond to the molecular interactions polymer/polymer in the sys-
tem without moisture content. Such a state practically does not
occur in case of hydrophilic polymers. For example, at a typical rel-
ative humidity of air equal to 50% the moisture content in chitosan
is equal to 16% (Ratto, Jo, Hatakeyama, and Blumstein, 1995; Bal-
cerzak & Mucha, 2008).

The dependence of the parameter ð of the investigated system
upon aw (Fig. 5) indicates that with the increasing water activity
(which leads to the increasing moisture content) the deflection of
sorption isotherms of polymer blends from the additivity con-
nected with the participation of the components increases.

Modelling of water sorption isotherms of polymer blends with
the participation of the parameter of interaction ð in the presence
of water leads to a good correlation with the experimental results
and GAB model (Fig. 6).
Acknowledgements

The authors gratefully thank the Polish Ministry of Science and
Higher Education (MNiSW) for the support under Grant No.
N N208 2987 33.



S. Ludwiczak, M. Mucha / Carbohydrate Polymers 79 (2010) 34–39 39
References

Amiji, M. M. (1995). Permeability and blood compatibility properties of chitosan–
poly(ethylene oxide) blend membranes for haemodialysis. Biomaterials, 16,
593–599.

Anderson, R. B. (1946). Modification of BET equation. Journal of the American
Chemical Society, 68, 686–691.

Balcerzak, J., & Mucha, M. (2008). Study of adsorption and desorption heats of water
in chitosan and its blends with hydroxypropylocellulose. Molecular Crystals and
Liquid Crystals, 484, 465–472.

Fambri, L., Pegoretti, A., Fenner, R., Incardona, S. D., & Migliaresi, C. (1997).
Biodegradable fibres of poly(L-lactic acid) produced by melt spinning. Polymer,
38, 79–85.

Hasagawa, M., Isogai, A., Onabe, F., Usuda, M., & Atalla, R. H. (1992). Characterization
of cellulose–chitosan blend films. Journal of Applied Polymer Science, 45,
1873–1879.

Kim, S. J., Oark, S. J., & Kim, S. I. (2003). Swelling behavior of interpenetrating
polymer network hydrogels composed of poly(vinyl alcohol) and chitosan.
Reactive and Functional Polymers, 55, 53–59.

Lazaridon, A., & Biliadderis, C. G. (2002). Thermophysical properties of chitosan,
chitosan–starch and chitosan–pullulan films near the glass transition.
Carbohydrate Polymers, 48, 179–190.

Lewicki, P. P. (1997). The applicability of the GAB model to food water sorption
isotherms. International Journal of Food Science and Technology, 32, 553–557.

Messai, I., Lamalle, D., Munier, S., Verrier, B., �Onal, Y. A., & Delair, T. (2005).
Poly(D,L-lactid acid) and chitosan complexes: Interactions with plasmid DNA,
colloid and surfaces. A: Physicochemical and Engineering Aspects, 255, 65–72.

Mucha, M., Ludwiczak, S., & Kawińska, M. (2005). Kinetics of water sorption by
chitosan and its blends with poly(vinyl alcohol). Carbohydrate Polymers, 62,
42–49.
Mucha, M., & Pawlak, A. (2002). Complex study of chitosan degradability. Polimery,
47, 509–516.

Mucha, M., & Pawlak, A. (2003). Thermogravimetric and FTIR studies of chitosan
blends. Thermochimica Acta, 396, 153–166.

Mucha, M., & Pawlak, A. (2005). Thermal analysis of chitosan and its blends.
Thermochimica Acta, 427, 69–76.

Mucha, M., Piekielna, J., & Wieczorek, A. (1999). Characterization and morphology of
biodegradable chitosan/synthetic polymer blends. Macromolecular Symposia,
144, 391–412.

Peesan, M., Supaphal, P., & Rujiravanit, R. (2005). Preparation and characterization
of hexanoyl chitosan/polylactide blend films. Carbohydrate Polymers, 6,
343–350.

Pu, X., Wirsen, A., & Albertson, A. C. (2000). Novel pH-sensitive chitosan hydrogel
swelling behaviour and states of water. Polymer, 41, 4589–4598.

Ratto, J., Jo, A., Hatakeyama, T., & Blumstein, R. B. (1995). Differential scanning
calorimetry investigation of phase transitions of water/chitosan system.
Polymer, 36, 2915–2919.

Schellekens, R., & Bastiansen, C. J. (1991). The drawing behavior of poly(vinyl
alcohol) fibers. Journal of Applied Polymer Science, 43, 2311–2315.

Twu, Y. K., Huang, H. I., Chang, S. Y., & Wang, S. L. (2003). Preparation and
sorption activity of chitosan/cellulose blend beads. Carbohydrate Polymers,
54, 425–430.
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