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Abstract

Water vapor adsorption kinetics of 3 different types of chitosan-based films, i.e., control chitosan, chitosan/

montmorillionite (Na-MMT), and chitosan/silver-zeolite (Ag-lon) nanocomposite films, were investigated at temperature
range of 10-40°C. In all the films, water vapor is initially adsorbed rapidly and then it comes slowly to reach equilibrium
condition. Reasonably good straight lines were obtained with plotting of 1/{m-ny) vs. 1/t. It was found that water vapor
adsorption kinetics of chitosan-based films was accurately described by a simple empirical model and the rate constant of the
model followed temperature dependence according to Arrhenius equation. Arrhenius kinetic parameters (£, and k,) for water
vapor adsorption by chitosan-based films showed a kinetic compensation effect between the parameters with the isokinetic

temperature of 315.52 K.
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Introduction

Chitosan is derived from the second most abundant
naturally occurring biopolymer, chitin, by de-acetylation in
the presence of alkali (1,2). Structurally, it is a copolymer
consisting of B-(1-4)-2-acetamino-D-glucose and (3-(1-4)-
2-amino-D-glucose units with the latter usually exceeding
80% (3,4). Chitosan is generally characterized in terms of
the degree of de-acetylation and average molecular weight
and functional residues with its antimicrobial properties in
conjunction with its cationic nature (5,6).

Chitosan has been considered as one of the most promising
biopolymers for the preparation of biodegradabie/edible
packaging films due to its good film forming properties
with its non-toxic, biodegradable, biocompatible, and annually
renewable nature (6-9). And it has already been widely
used in tissue engineering and drug delivery by virtue of its
mechanical strength and rather slow biodegradable (10,11).
However, the utilization of chitosan films as a packaging
application has been limited due to their low water vapor
barrier properties caused by their hydrophillic nature (12-
14). As one of the promising methods to improve film
properties, such as mechanical and water vapor barrier
properties, of chitosan films, various types of chitosan-
based nanocomposite films including layered silicate clay
(e.g., montmorillonite), silver nanoparticle {e.g., nanosilver),
and silver containing zeolite (e.g., Ag-lon) have been
developed (15-20). The chitosan nanocomposite films
were prepared by using a solvent-casting method by
incorporation with different types of nano particles, such as
an unmodified montmorilionite (Na-MMT), an organically
modified montmorillonite (Cloisite 30B), Ag-zeolite (Ag-
Ion), and so on, which were found its tensile strength
increased by 7-16% with promising range of antimicrobial
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activity (16).

The water vapor barrier properties of hydrophilic
biopolymer-based films, like chitosan-based films, are
significantly influenced by the presence of moisture (13,14).
Therefore, an understanding of the water sorption properties
of the biopolymer-based films is essential for their application
in food packaging system. In the adsorption process water
molecules distribute themselves between the vapor phase
and the film surface until a state of equilibrium has been
reached. This process may be studied by measuring either
the equilibrium condition or the rate of approach to
equilibrium. The equilibrium condition can be done
through determining the water adsorption isotherm, however,
isotherm only explains the final equilibrium condition, and
it does not explain sorption of water vapor in the middle of
the process. The latter one (the rate of approach to
equilibrium) is done by means of adsorption curves, which
are plots of weight against time at constant relative
humidity and temperature. It is desirable to characterize the
rate of water adsorption with a single quantity rather than
by entire curve. Kim and Rhim (21) characterized the
water vapor adsorption behavior of sweet potato starch-
based films, but information on kinetic behavior of water
vapor adsorption of chitosan-based nanocomposite films is
not available in the literature.

The objectives of this study were to provide reliable
experimental data regarding water vapor adsorption behavior
of chitosan-based nanocomposite films and to identify and
test simple relationships to characterize the water vapor
adsorption kinetics at different temperatures and certain
relative humility.

Materials and Methods

Materials Chitosan (CS-001; Samsung Chitopia, Seoul,
Korea), viscosity being 110 ¢p in a 1% acetic acid solution
at 25°C and degree of de-acetylation of 90%, was obtained
locally. Sodium montmorillonite (Na-MMT, Nanomer
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PGW, lot PC-243-99, 120 mmol/100 g CEC) and silver-
zeolite {Ag-lon) were obtained from Nanocore Inc. (Arlington
Heights, IL, USA) and Aglon™ Technologies, Inc. (Wakefield,
MA, USA), respectively. Ag-lon is a mixture of sodium
aluminosilicate (zeolite, >75 wt%), silver (2.1-2.8 wit%),
zinc (14 wt%), and ammonium, whose mean particle size
distribution is less than 5.0 pm. Analytical grade glycerin
was purchased from J. T. Baker (Mallinkrodt Baker, Inc.,
Phillipsburg, NJ, USA)}.

Preparation of films Chitosan and chitosan-based
nanocomposite films were prepared according to the
method of Rhim ef al. (16). For the preparation of control
chitosan film, 4 g of chitosan powder were dissolved in a
constantly stirred mixture of 1%(v/v) acetic acid aqueous
solution (200 mL) and glycerin (1.0 g) by heating for about
20min at 90°C using a hot plate. The dissolved film
solution was strained through 8-layered cheese cloth to
remove undiluted debris, then cast onto a leveled Teflon-
coated glass plate (24x30 cm). The castings were dried at
ambient conditions (about 23°C) for about 48 hr, then
peeled off from the glass plates.

Chitosan-based nanocomposite films were prepared by
reinforcing with 2 different types of nanoparticles, such as
Na-MMT and Ag-zeolite. First, 5% of each type of
nanoparticle (w/w, relative to chitosan on a dry basis) was
dispersed in a 1% acetic acid solution (200 mL) by
vigorously mixing for 1 hr using a magnetic stirrer and
then sonicated for 30 min at 60°C in a bath type ultra sound
sonicator (FS14H; Fisher Scientific, Pittsburg, PA, USA) to
obtain a nanoparticle solution. Four g of chitosan powder
were then dissolved into the nanoparticle solution afler
adding 1 g of glycerin, and all was heated for about 20 min
at 90°C using a hot plate mixer, The solution was sonicated
for an additional 10 min at 60°C, after which the solution
was strained and cast following the same procedure for the
preparation of chitosan film.

All of the films were cut into 2.54x2.54 cm samples and
dried in a vacuum oven (Eyela VOS-301SD; Rikakikai
Co., Ltd., Tokyo, Japan) at 50°C, 0.1 MPa for 3 days to
reduce the initial moisture content. The dried samples were
then used for the determination of water vapor adsorption
from 10 to 40°C at different water activity.

Moisture content Film samples were weighed (+0.0001
g) into aluminum dishes and dried in an air-circulating
oven (Mechanical convection oven, DMC-122SP, 021001-
03; Daegil Engineering Co., Seoul, Korea) at 105°C for 24
hr. Moisture content was determined as percentage of
initial film weight lost during drying and reported on a dry
basis. Duplicate measurements of moisture content were
obtained for each type of film with individually prepared
films as replicated experimental units.

Water vapor adsorption Tests of water vapor adsorption
of the films were conducted at relative humidity of 52-63%
from 10 to 40°C. About 0.1 g of each film specimen was
placed on an aluminum dish (Disposable Al Dish D57,
Korea Ace Scientific Co., Seoul, Korea). A temperature
humidity testing chamber (KCL-2000A-2000W; Rikakikai
Co., Ltd.) were used to get the indicated temperature within
+0.5°C. Increase in weight of the film specimens during
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the water vapor adsorption process was recorded during
48 hr and the weight gain in g H,O/g dry solid was used for
the further analysis.

Water activity measurement Sodium bromide (NaBr:
D.S.P. GR reagent grade; Duksan Pure Chemical Co., Ltd.,
Ansan, Korea) was used to obtain desired relative humidity.
The salts were dissolved in hot distilled water (100°C) and
cooled to each test temperature for crystallization to form
a saturated slush (20). Water activity inside the vacuum
desiccators after attaining equilibrium with each saturated
salt solution was determined using a thermo recorder (TR~
72U; T&D Corporation, Matsumoto City, Japan).

Data analysis Temperature dependency of water activity
was tested using the Clausius-Clapeyron equation:

dinA,, _AH

AT R M

where Aw is the water activity, T is the absolute temperature
(K), AH is net isosteric heat of sorption (J/mol) and R is the
universal gas constant (8.314 J/mol-K}.

Water vapor adsorption curves of the chitosan-based
films were obtained by plotting increase in weight (g) due
10 water vapor sorption expressed in g H,O/g dry solid
against adsorption time (hr). The rate constant of water
sorption process was determined by a linear form as below:

1 _ 1 a1
m—my k{m,~my)t m,—my,

2)

This relationship has been used to predict the water
sorption by chitosan films (21,23), where m, and my, are the
saturation moisture content and the initial moisture content,
respectively, and k is the rate constant of the sorption
process. The inverse of m—my (1/(m—ny)} was plotted
against inverse of time (1/) following the Eq. 2 to get a
straight line. The reaction rate constant was determined by
taking inverse of the slope value. The temperature
dependency of k value was determined by an Arrhenius-
type equation as the following:

k =k exp(~E/RT) &)

where k, is a pre-exponential factor, E, is the activation
energy for hydration process, R is the universal gas
constant (8.314 J/mol-K), and T is the absolute temperature
{K). The values of activation energy have the same order of
magnitude as encountered in hydration of biological
matertals (23). In case of chitosan-based nanocomposite
films the activation energy for hydration was investigated
depending on the several temperatures at certain water
activity to compare the effect of the different particle
materials on the water vapor adsorption of chitosan-based
film.

Results and Discussion

Properties of films All the chitosan and chitosan-based
nanocomposite films were flexible and transparent as
cellophane. Properties of the films such as apparent surface
color, mechanical and water vapor barrier properties as
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Table 1. Water activity values of saturated salt (NaBr) solution
at different temperatures

Temp. (°C) Aw AHY (ki/mol)
10 0.63
20 0.58 4.504
30 0.56 ’
40 0.52

"'Net isosteric heat of sorption.

well as degree of intercalation of nanocomposite films
using X-ray diffraction patterns are well documented in the
literature (16). Rhim er al. (16) showed through X-ray
diffraction analysis that a certain degree of intercalation
was formed in the Na*-MMT/chitosan nanocomposite films.
In consequence, mechanical and barrier properties of the
chitosan films were improved through the formation of
nanocomposite films, that is, the tensile strength increased
from 32.9+0.7 MPa for the neat chitosan films to 35.1+0.9
and 38.0+£3.4 MPa for Na-MMT/chitosan and Ag-Ion/
chitosan nanocomposite films, respectively, and the water
vapor permeability of the chitosan film decreased from
(1.31£0.07)x 10 to (0.98+0.15)x 107 and (0.96+0.05)x
107 g-m/m?-sec-Pa, respectively.

Water activity of saturated salt solution Water activity
values of saturated salt (NaBr) solution were shown in
Table 1. The saturated NaBr solution was chosen to test the
water vapor absorption by the film at the middle range of
Aw, which ranged 0.52 to 0.63 at the temperature range
tested. The water activity values of saturated salt solutions
decreased with an increase in temperature. The temperature
dependency of water activity followed the Clausius-
Clapeyron equation (Eq. 1). Regression analysis using the
least square method on In Aw versus 1/7 for the salt
solution gave following relationship:

In A,=541.752-(1/T) - 2380 (R*=0981)  (4)

The net isosteric heat of sorption for NaBr saturated salt
solutions determined from the slope of the regression line
was 4.504 kJ/mol. Labuza et al. (24) showed that the effect
of temperature on the Aw of salt solution was dependent on
the saturated salt solutions used, of which the net isosteric
heat of sorption were in the range of 1.21-7.16 kJ/mol
depending on the salt solution.

Water vapor adsorption curves Water vapor adsorption
behaviors of control chitosan and chitosan/clay nanocomposite
films at different temperatures were shown in Fig. 1. The
rapid initial moisture sorption followed by slower
adsorption at later stages, due to the filling capillaries of the
surface of the films (21,25), were observed from the
curves. All the chitosan-based films showed the similar
adsorption behavior as sweet potato starch-based edible
film (21) and soy protein film (26). During the process of
moisture sorption preceded, the adsorption rate decreased
probably due to the filling of free capillary with water
Vapor.

The saturation moisture content (m,) was influenced by
the source of films. The results were shown in Table 1. In
the previous study the nano particles were dispersed
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Fig. 1. Water vapor adsorption behaviors of control and
chitosan-based films at different temperatures.

homogeneously throughout the chitosan polymer matrix
and the intercalation in the Na-MMT incorporated films
was higher than that in Ag-Ion (16). The certain degree of
intercalation which formed in the nanocomposite films had
a certain effect on the water vapor adsorption capacity.
Chitosan/Ag-lon nanocomposite film showed the least
water vapor adsorption capacity among the films tested at
different temperature. The moisture sorption curves also
indicated that the vapor adsorption decreased with the
temperature increased as observed in different type of
biopolymer films (21).

Water vapor adsorption rate The inverse of m—mq (1/
(m—my)) was plotted against inverse of time (1/7) following
the Eq. 2 to get a straight line. The reaction rate constant
was determined by taking inverse of the slope value. From
water vapor adsorption curves, it was found that water
vapor adsorption rate varied depending on the kind of
samples and temperature. By plotting 1/(m —m,) against 1/
t based on Eq. 2, water vapor adsorption rate constant was
determined. Figure 2 shows typical kinetic plot lines for
water vapor adsorption of different chitosan-based films.



Water Vapor Adsorption Kinetics of Chitosan-based Films

3
Control
:
L]
o]
v
& 400
a . .
0.0 0.3 0.6 0.9 1.2
30
Na-MMT
3
S
3
Ag-lon
25
:
*
o]
v
& 400
8 N . L
0.0 0.3 0.6 0.9 12
1/t {(1/min)

Fig. 2. Adsorption kinetics of chitosan-based films determined
at different temperatures.

Reasonably good straight lines were obtained with such
simple plot of 1/(#—mg) vs. 1/t with high R%-values. From
the slope value of the lines, water vapor adsorption rate
constants were calculated. The rate constants for the films
were summarized in Table 2. The water vapor absorption rate
for all the films increased with temperature, which is in
good agreement with the finding of other researchers {21).
Chitosan/Ag-lon nanocomposite film showed the highest
water vapor adsorption rate among the films tested except
at 30°C.

Effect of temperature By using the Arrhenius-type equation
in Eq. 3, temperature dependency of the water vapor
adsorption rate of chitosan-based films was determined.
The temperature dependency of water vapor adsorption
rate is shown in Fig. 3. The good linear relationship with
high R? values of 0.927, 0.978, and 0.986 was obtained for
control chitosan, chitosan/Na-MMT, and chitosan/Ag-Ion
nanocomposite films, respectively, was obtained. This
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Fig. 3. Temperature dependency of water vapor adserption of
chitesan-based films.

result indicated that Arrhenius model can be appropriately
used to describe the temperature dependency of the sorption
rate of the films. The Arrhenius kinetic parameters, activation
energy (E,), and the pre-exponential factor (k,) for the
water vapor adsorption by the films were determined by
linear regression method and results were summarized in
Table 3. In general, the temperature dependency of water
vapor adsorption by a polymeric film is known to be
dependent on various factors like hydrophilicity and free
volume of the polymer matrix (27). In the present study,
activation energy varied depending on the source of films.
As a whole, activation energies of control film were higher
than the others, so it is expected to be more sensitive to
temperature variation than other chitosan based nanocomposite
films.

Kinetic compensation effect As noted above, the Arrhenius
kinetic parameters (£, and %,) for water vapor adsorption
rate varied depending on the source of films and water
activity. Numerical values of kinetic parameters are
changed due to the reaction conditions such as reactant
concentration, pH, water activity, and so on; however, the
Arrhenius Kinetic parameters (F, and kg) for water vapor
adsorption rate usually show linear relationship between In
ky and E,, which is known as kinetic compensation effect
(28,29). The relationship between £, and &, for water vapor
adsorption rate of the chitosan-based films was shown in
Fig. 4. The following linear relationship was obtained from
linear regression analysis:

In kp=0.381 £,~0.488 (R*=0.998) {5)

This result shows a highly linear relationship between
the kinetic parameters (i.e., In ko vs. £,), which indicates a
systematic variation of one parameter depending on the
other. Such a systematic variation between the kinetic
parameters is known as a kinetic compensation effect (30),
which is usually observed in a family of reactions with
same reaction mechanism. The compensation relation
suggests that the activation energy {(E,) and the pre-
exponential factor (ky) are not independent of one another
and any change in the activation energy is compensated by
changes in the pre-exponential factor. This unique
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Table 2. Reaction rate constants for water vapor adsorption of chitesan-based films at different temperatures

Chitosan

Reaction rate constant, &

Saturation moisture content, 7z,

"

films Temp. (°C) (g H,O/g dry solid/min) (¢ H,O/g dry solid) &
10 0.145 0362 0.995
Contrl 20 0.269 0313 0.981
ontro 30 0515 0.274 0.931
40 0.539 0.234 0.855
10 0.154 0.342 0.998
20 0.209 0.320 0.974
Na-MMT 30 0.300 0.265 0.946
40 0.501 0.209 0.819
10 0314 0323 0.993
Aolon 20 0.419 0.300 0.973
& 30 0.483 0.240 0.908
40 0.629 0.197 0.839

Table 3. Kinetic parameters for water vaper adsorption of
chitosan-based films

Chitosan ko (g H,O/g dry 2
films solid/min) £, (kl/mol) R
Control 3.034x1¢° 34.045 0.927
Na-MMT 2.884x [0 28.721 0.978
Ag-Ton 3.409x% 10 16.427 0.986
15
2%
<
E 9
6 L
3 . . . . .
i8 15 20 25 ki 35 40
E; (kJ/mol)

Fig. 4. Kinetic compensation effect of water vapor adsorption
of chitosan-based films.

relationship between ky and E, for a family of related
reactions, can be utilized for prediction of reaction rates or
other kinetic parameters (31). The linear relationship
between these kinetic parameters implies the existence of a
unique temperature called the iso-kinetic temperature (7,
(30). At this temperature, the rate constants of all reactions
in the series have the same value. The iso-kinetic
temperature is usually calculated based on the slope in the
In & vs. E, plot using the relationship of slope = 1/(RT,).

According to Arrhenius curves, the thermal activation
compensation or isokinetic temperature was obtained by
graphical extrapolation. The isokinetic temperature represents
a temperature at which all reactions of the series should
proceed at the same rate, mathematically a reflection of the

dependence of activation energy on the temperature (32,
33). From the slope, the isokinetic temperature of water
vapor adsorption for chitosan-based films determined from
the slope value was found to be 315.52 K, which is in good
agreement with the published results (21) with a high
degree of linear correlation.
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