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Abstract: Chitosan (CH) and hydroxypropylcellulose (HPC) adsorb water easily by
hydrogen bonds formed with hydroxyl and amide groups present in their structures.
Heat of adsorption is a thermodynamic parameter which is used to estimate the
type of adsorbate molecule bond on a solid surface, among the others. Adsorption
of water from vapour phase on chitosan, hydroxypropylcellulose and blends of both
biopolymers in the form of films were carried out. Isotherms of water adsorption in
the samples were described by the GAB equation. Correlations between mass
fraction of chitosan in the sample (ws) and the values of GAB coefficients were
obtained. From parameter c in the GAB equation mean heat of adsorption of the
first monomolecular layer of water molecules E;, and pure molar heat of adsorption
g were determined.

Introduction

Chitosan (CH) is characterized by many valuable properties, first of all
biodegradability, bioactivity, biocompatibility and non-toxicity. Additionally, it has very
good adhesive properties and ability to sorb, chelate and bind metal ions and organic
substances [1]. Bioactivity of chitosan is confirmed by binding of pathogenic bacteria
or substances necessary for bacterial growth, biocompatibility with living cells,
reduction of cholesterol content in serum, or agglutination of red blood cells. Chitosan
hampers viral infections and growth of certain fungi, and also induces the synthesis
of plant enzymes. Moreover, it can absorb and bind water [2]. The advantages of
chitosan led to numerous applications of this polymer in various branches of industry
[3], medicine [4-6], agriculture [7-8] and environmental protection [9-10]. Chitosan
usually shows good miscibility with other water-soluble polymers. Particularly
interesting is its good miscibility with another polysaccharide — cellulose and its
derivatives, in this particular case hydroxypropylcellulose (HPC) [11]. The blends of
chitosan and HPC in the form of water solutions, find application in paper
impregnation [12].

Water adsorbed on pore surface of a macromolecule has an essential impact on its
physical properties and causes hydrolysis of polymer chains. The presence of water
molecules in the structure simplifies enzymes diffusion, which leads to polymer
biodegradation. Depending on the type of water binding with a material, the thermal
effect of adsorption process is different. Studies on water adsorption on polymeric
materials and also an amount of heat of this process are useful in the determination
of macromolecule structures and also in drying technologies of biomaterials.
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In literature [13-14] there are many equations describing isotherms of water
adsorption by biomaterials. A generally used equation that describes a multi-layer
adsorption of vapours or gases was derived by Brunauer, Emmett and Teller (the
BET equation) [15]:

X c-a, (1)
X, (-a,)[L+(c-2)-a,]
where:

X — equilibrium content of adsorbate in the dry mass (d.m.) of adsorbent
[KQadsorbate’Kgda.m ]; Xm — amount of adsorbate forming a complete monomolecular layer
on the adsorbent surface [KQagsorbate’kQa.m.]; ¢ — parameter related to the heat of
adsorption; a,, — water activity, i.e. a relative humidity over a sample (dimensionless)

The model of adsorption proposed by Brunauer, Emmett and Teller holds for water
activity ranging from 0.05 to 0.35 (sometimes to a, = 0.5). Above this limit the BET
equation loses applicability because of capillary condensation which takes place
beside physical adsorption.

Anderson [16] modified the BET equation to increase its applicability. By introducing
additional coefficient k, Anderson obtained an equation that became a prototype of
the model of sorption, known generally as GAB (Guggenheim, Anderson, de Boer):

X c-k-a,
= (2)

X, (@-k-a,)f+(c-1)-k-a,]
where:
k = e”"T — GAB parameter correcting the real value of water activity, related to

thermal effect of adsorption, can assume values ranging from 0 (for d— - «) to 1 (for
d = 0); d — energy needed to transport the mole of adsorptive into the few layers of
adsorbed molecules which are on the adsorbent surface [kJ/mol]; The GAB model
describes sigmoidal isotherms (Il BET type) at water activity up to around 0.9. It has
been successfully applied to describe water adsorption on chitosan-based blend films
[17-18] and other biopolymers [19-20].

Many definitions of the heat of adsorption result from different methods for the
determination of thermal effect of the process and conditions in which the adsorption
takes place.

According to the BET theory based on the model multi-layer adsorption, on the
monomolecular adsorbate layer formed with a release of adsorption heat (Ey),
condensation of subsequent gas layers with heat equal to the heat of gas
condensation (E,) is possible:

E2=E3=...=E,'=EL (3)

The behaviour of each separate adsorbed layer corresponds to Langmuir's concept
of the localised adsorption and lack of interactions between adsorbate molecules.

Parameter c in the BET (and GAB) equation is used to calculate the mean heat of
adsorption of the first layer of gas molecules (E):

c= & 'bz .@(BEL/RT (4)

b, -a,



where:

as, ag, by, bo — constants related to adsorption/desorption of water molecules.

Zl;bz, called the entropy factor, is close to unity, hence, the formula for
)

pure molar heat of adsorption (q), corresponding to the difference of the heat of

adsorption in the first layer and molar heat of condensation of adsorptive vapours, is

as follows:

q=E;-E.=R'TIn(c) (5)

where:
R = 8.314 J/(mol'K) — gas constant; T — temperature of adsorption [K].

The term

When transforming adsorption isotherms prepared for the process at different
temperatures into isosteres in In(a,)=f(1/T) system, the so-called isosteric heat of
adsorption can be determined using the Clausius-Clapeyron equation [21]. Results of
the calculation of isosteric heat of water adsorption by CH/HPC films are given in a
previous study [22].

Chitosan (CH) and hydroxypropylcellulose (HPC) as high-molecular polysaccharides
adsorb water easily by hydrogen bonds formed with hydroxyl and amide groups
present in their structures. The aim of this research was to analyse adsorption of
water from vapour phase on blends of chitosan and hydroxypropylcellulose in the
form of films. Studies of the influence of CH/HPC blend composition and process
temperature on thermal effect of water adsorption are also presented in this paper.

Results and Discussion

In the description of experimental data for water sorption from vapour phase at
different water activities determined by the gravimetric method, the GAB model was
used. Experimental data represented by the amount of adsorbed water vapour (X) at
given water activities (a,) were introduced to the linear form of the isotherm equation:
a, 1 c-1

+ a
X-(l-k-a,) X,-ck X,c "

(6)

and ﬁ in equation (6) were determined by means of linear

m

Coefficients

regression method, and next the values of X, and ¢ were defined. Coefficient kK was
assumed using the iterative selection method in the range 0.24 < k < 1, for every
water-adsorbent system separately.

Table 1 gives the coefficients of GAB equation determined in the above method for
particular water-polymer film systems. Water adsorption isotherms obtained for
CH/HPC blends of compositions given in Table 1 are presented elsewhere [22-24]
and in Fig. 1A.Variation of parameters X, and ¢ with changes in the polymer film
composition is described by linear relations (Figs. 1 and 2).

The following equations describing the linear dependence of parameter X, on
polymer film composition were obtained for the analysed temperatures:

T =25°C: Xmzs = 0.043-wr + 0.026 (7)
T =45°C: Xmas = 0.040-wr + 0.020 (8)



Dependence of parameter ¢ on polymer film composition (ws) is described by the
equations:

T = 25 °C: Cas = 46.5-ws + 2.5 (9)
T = 45 °C: Cas = 59.7-wy + 2.1 (10)

Tab. 1. Coefficients in the GAB adsorption isotherm equation.

Sorption Sample k Xm [KgH20/Kgd.m ] c
temperature characteristic
HPC 0.90 0.028 3.4
CH/HPC/0.2 0.89 0.034 8.5
25°C CH/HPC/0.4 0.88 0.039 23.8
CH/HPC/0.6 0.85 0.053 30.4
CH/HPC/0.8 0.87 0.058 40.3
CH 0.86 0.071 48.0
HPC 0.93 0.019 3.9
CH/HPC/0.2 0.82 0.031 9.1
45°C CH/HPC/0.4 0.82 0.034 27.8
CH/HPC/0.6 0.83 0.041 40.1
CH/HPC/0.8 0.83 0.050 50.9
CH 0.84 0.062 59.9
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Fig. 1. Dependence of parameter X, in the GAB equation on blend composition (1.
T=25°C, 2. T=45°C); points — experimental data; lines — function Xp,=f(wy);
wr— mass fraction of chitosan in the blend; d.m. — dry mass.

For water adsorption on CH/HPC blends at two analysed temperatures, the mean
value of parameter k was determined. In determination of k., the values of this
coefficient corresponding to water adsorption on HPC films were neglected; these
values differ significantly from other ones. This is caused most probably by good
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solubility of HPC in water. The adsorbed water changes the structure of HPC film and
causes its swelling. The values of parameter k of the GAB equation obtained in this
way are given in Table 2.
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Fig. 2. Dependence of parameter ¢ in the GAB equation on blend composition (1.
T=25 °C, 2. T=45 °C); points — experimental data; lines — functions c=f(wy);
wr— mass fraction of chitosan in the blend.

Tab. 2. Values of coefficient k in the GAB equation.

Sorption Kupc Kay
temperature

25°C 0.90 0.87

45 °C 0.93 0.83

kypc — for water adsorption on HPC,;
k,, — arithmetic mean calculated for water adsorption on CH and CH/HPC blends.

Next, the GAB equation describing the isotherms of water adsorption on films made
from chitosan and its blends with HPC was modified by substituting coefficients X,
and c by chitosan mass fraction in the blend (wf) according to equations (7)-(10),
assuming the values of ks, in Table 4. The following relations X = f(a,, wy) were
obtained for two temperatures:

T=25°C:
o 74w, +115.w, +006)a, (1)
 (1-087-a,)-(1+(40,46-w, +1,31)-a,)
T =45 °C:
o (198:w,?+106-w, +003)a, 2

(1-083-a,) (1+(49,55-w, +0,91)-a,)
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Fig. 3. Water adsorption isotherms for CH/HPC blends: A. at T=25°C, experimental
results [22]. B. sample CH/HPC/0.8 (1. T=25°C, 2. T=45°C); points — experimental
data; broken lines — curves from GAB linearization; solid lines — functions X = f(a,,
wy) Eq. (12) and (13); d.m. — dry mass.
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Fig. 4. Dependence of pure molar heat of water adsorption (q) on blend composition,
at the temperatures 25 °C (1.) and 45 °C (2.); points — values calculated from
equation (5), lines — function g=f(ws); wr— mass fraction of chitosan in the blend (w:=0
is pure HPC, ws=1 is pure CH).

As follows from Fig. 3B (an example of one blend, adsorption at both temperatures),
with equations (11) and (12) one can describe with acceptable accuracy the



adsorption of water on chitosan blends with HPC containing various mass fractions of
components.

Results of calculation of g and E; from parameter ¢ in the GAB equation, at both
temperatures 25 °C and 45 °C, according to equation (5) are presented in the form of
functions q= f(wy) and E= f(wy in Figs. 4 and 5. Curves shown in Fig. 4 indicate that
pure molar heat of water adsorption q increases with the temperature growth.
A bigger effect of temperature on g values can be observed when water is adsorbed
on blends with a prevailing weight fraction of chitosan (wy). Mean heat of adsorption
of the first layer of water molecules (E;) attains values close to these of CH/HPC
blends up to fraction wr = 0.5 at both analysed temperatures (Fig. 5). Above this
value the curves become divergent.
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Fig. 5. Dependence of mean heat of adsorption of the first layer of water molecules
(Es) on blend composition at the temperatures 25 °C (1.) and 45 °C (2.);
points — values calculated from equation (5); lines — function E;=f(wy); wf — mass
fraction of chitosan in the blend (ws=0 is pure HPC, ws=1 is pure CH).

The effect of mass fraction of chitosan (wy) on pure molar heat of water adsorption in
the blend for given process temperatures are described by the relations (13)-(16):

q(wy) = Eq(wy) — EL (13)
q(wy) = E1cryws + Eqpcy (1-wi)+wr (1-wy)-@ - EL (14)
where:

E1cH) — mean heat of adsorption of the first layer of water molecules on CH [kJ/mol];
Eirpc) — mean heat of adsorption of the first layer of water molecules on HPC
[kd/mol]; ¢ — parameter representing the excess function characterising relationships
between blend components and water [kJ/mol].

By fitting experimental results (Fig. 4, 5) to relations (13-14) parameter ¢ was
calculated. Thus, the relations between g and w; at two temperatures can be
presented as follows:



T =25°C: Q25 = 48.7-ws + 42.1-(1-wy) +wf-(1-wy)-7.5 — 39.1 (15)
T =45 °C: Qus = 49.1-ws + 41.9-(1-wy) +wF-(1-wy)- 7.4 — 38.3 (16)

where:

E1cry = 48.7 kdJ/mol (T=25°C) Eicr) = 49.1 kd/mol (T=45°C)

E1(HPC) =42.1 kd/mol (T=25°C) E1(HPC) =41.9 kd/mol (T=45°C)

@ = 7.5 kd/mol (T=25°C) @ = 7.4 kd/mol (T=45°C)

Values of heat of water vapour condensation were taken from literature as follows: E;
= 39.1 kd/mol (T=25°C) and 38.3 kd/mol (T=45°C).

Conclusions

The equilibrium of water adsorption from vapour phase on polymer CH/HPC blend
films with different mass fractions of components at the temperatures 25 °C and 45
°C was described by the GAB model. A linear dependence of parameters X, and ¢ of
the GAB isotherm on mass fraction of chitosan in the blend (wy) and a decrease of
both coefficients with adsorption temperature growth were observed. After averaging
the values of parameter k, the equation of adsorption isotherm was modified and
curves X=f(ay,,wsy) were obtained. Approximation of the experimental data with this
model is satisfactory in the case of adsorption carried out at the temperature 25 °C
and 45 °C.

From the values of parameter ¢ in the GAB equation pure molar heat of water
adsorption (q) and mean heat of adsorption of the first layer of water molecules (E/)
on thin chitosan and HPC films were determined. Determinated values of E; are
comparable to values of isosteric heat of adsorption of first monomolecular layer of
water (calculated on the base of Clausius-Clapeyron eq.) found for various
hydrophylic food compounds [25] and granules of starch [26]. The heat effect
accompanying the process of water adsorption on CH/HPC blends decreased with
an increase of hydroxypropylcellulose fraction which is probably caused by some sort
of a porous structure of CH and HPC leading to their swelling. Dependence of E; and
g on polymer blend composition has not been determined in the literature so far.
Pure molar heat of water adsorption increases with the temperature growth.

Curves representing the dependence of ¢ and E; on ws at both analysed
temperatures of adsorption are described by proposed equation (14) from which
coefficient ¢ representing relations between blend components was identified.
The coefficient was equal to 7.4-7.5 kJ/mol.

Experimental

The CH/HPC blends were obtained by mixing chitosan solution with deacetylation
degree DD = 78.5%, molecular weight M,, = 4.3:10* g/mol and viscosity 127 mPas,
purchased from the Sea Fishery Institute in Gdynia, in 1% acetic acid with water
solution of HPC (M,, = 1-10° g/mol) (SIGMA-ALDRICH Chemie GmbH, Steinheim,
Germany) in adequate volume ratios.

Mass fraction of CH in the blends is given in Table 3. Polymer films prepared from
CH/HPC blends were formed by casting the solutions onto levelled Perspex plates.
Once the solvents were evaporated (3-4 days) transparent films 20 to 30 um thick
were obtained.



Tab. 3. List of prepared samples.

Mass fraction of chitosan Sample
in sample (wy)

0 HPC
0,2 CH/HPC/0,2
0,4 CH/HPC/0,4
0,6 CH/HPC/0,6
0,8 CH/HPC/0,8
1,0 CH

After drying the films to constant mass at the temperature 110 °C, samples were
placed in sorption desiccators with saturated water solutions of various salts
(Table 4). The process of water vapour adsorption on the films was carried out for 4 h
at two temperatures: 25 °C and 45 °C.

Tab. 4. Content of sorption desiccators [23].

No. Salt Water activity (aw) over
saturated salt solution [-]
T=25°C T=45°C
1 CH;COOK 0.234 0.197
2 MgCl, 0.329 0.308
3 KoCO3 0.443 0.430
4 Mg(NOs), 0.536 0.497
5 NaNO; 0.654 0.601
6 NaCl 0.765 0.726
7 BaCl, 0.904 0.885

When the equilibrium state between vapour phase and water adsorbed by blend films
was reached, the samples were removed from desiccators and precisely weighed by
analytical mass balance. The amount of water adsorbed (X) was determined
according to equation (17):

(17)

where:
ms — sample mass after adsorption process [kg]; mp — dry sample mass [kg].
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