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ABSTRACT

Water transport in edible films based on hydrophilic polymers is a complex phenomenon due to the strong in-
teractions of sorbed water molecules with the polymeric structure. The effect of montmorillonite (Mt) nanopar-
ticle incorporation into brea gum (BG) based films was studied through thermodynamic and phenomenological
analyses. Moisture adsorption isotherms at three different temperatures of BG based films and BG/Mt nanocom-
posite films were obtained. Thermodynamic parameters showed an exothermic process that results less
favourable when Mt is incorporated into the BG matrix, reducing the water uptake. Entropy change and net
isosteric heat of adsorption showed a peak at monolayer water content, which is greater in composite films, in-
dicating a more stable and ordered structure when Mt was added. Gibb's energy was indicative of process spon-
taneity and of the lower affinity to water composite films. Water vapour permeability depends on the tortuosity
of the pathway formed by Mt nanoparticles and solubility of water molecules into the BG film matrix. Mt incor-

poration reduces the hydrophilic character of BG based films and thus their water vapour permeability.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the past years the biodegradable films based on proteins and poly-
saccharides have attracted the attention of the general public and scien-
tists due to their biodegradable properties and some functional
characteristics. However, such hydrophilic materials tend to absorb sur-
rounding humidity, resulting in plasticizing and swelling of the struc-
ture, thereby changing their functional properties.

Polysaccharide gums represent one of the most abundant raw mate-
rials. Researchers have mainly studied polysaccharide gums due to their
sustainable, biodegradable and bio-safe characteristics. The term “gum”
is used to describe a group of naturally occurring polysaccharides that
come across widespread industrial applications due to their ability ei-
ther to form gel or make viscous solution or stabilize emulsion systems.
The considerably growing interest in plant gum exudates is due to their
diverse structural properties and metabolic functions in food, pharma-
ceutical, cosmetic, textile and biomedical products (Mirhosseini and
Amid, 2012).

Brea gum (BG) is the exudate obtained from the Brea tree (Cercidium
praecox). The gum is harvested from wild trees throughout the north-
west region of Argentina by native population (Chane, Wichis and
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Churupies). BG is a complex hydrocolloid formed by L-arabinose, p-
xylose, p-glucuronic acid, and 4-O-methyl-p-glucuronic acid and ap-
proximate 8% of protein. The major structural features of BG appear to
be a 3(1,4)-linked p-xylan backbone (possibly containing some 1,2-
linkages) that is heavily 2-substituted by short branched-chains
containing residues of p-xylose (and L-arabinose) and p-glucuronic
acid, in which both types of residue may be terminal (Cerezo et al.,
1969). Toxicological studies indicated that BG is not toxic for human in-
gest (Von Miiller et al., 2009) and it was approved as food additive in
Argentine. Physicochemical characteristics of BG are similar to Arabic
gum (Bertuzzi et al.,, 2012), and then BG can be used as a replacement
for Arabic gum in many applications. Bertuzzi and Slavutsky (2013) per-
formed the formulation and characterization of BG films. According to
this work, BG films are transparent with good mechanical properties
and high water solubility and permeability. It was found that Mt nano-
particles' incorporation into the BG film matrix improved their barrier
and mechanical properties (Slavutsky et al., 2014).

To further predict the physical properties and storage stability of
these edible films, the thermodynamic properties of moisture sorption
should be investigated. Generally, thermodynamic parameters are de-
rived from sorption isotherms at different temperatures (Al-Muhtaseb
et al., 2002).

The aims of this work were to study the nature of water adsorption
process based on thermodynamic analysis and to investigate the effect
of humidity gradient (driving force) on water vapour permeability of
BG/Mt nanocomposite films.
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2. Materials and methods
2.1. Materials

BG was provided by a native community group who live in the area
where the Brea tree grows (Tartagal, Salta, Argentine). The BG exudate
from the plant is collected in the form of small drops or tears. The puri-
fication process included grinding, dissolution, decantation, filtration
and drying in oven at temperatures below 50°. Then, the material is
grinded to fine powder (mesh 80-ASTM ). Characteristics of BG powder
were described by Slavutsky et al. (2014 ). Natural sodium montmoril-
lonite without purification and with quartz and albite present as acces-
sory minerals, with a cation exchange capacity (CEC) of 89.8 meq/100 g
clay, was supplied by Minarco S.A. (Buenos Aires, Argentine). Samples
were homogenized by sieving in 200-mesh sieve (ASTM). P,0s
(Mallinckrodt, USA) was used as a desiccant. Glycerol (Mallinckrodt,
USA) was added as plasticizer. All salts used to obtain different relative
humidity ambient (% RH) were provided by Aldrich (USA).

2.2. Preparation of Mt solution and film preparation

BG films and BG/Mt films were prepared according to Slavutsky et al
(2014).

Mt dispersion was prepared by stirring nanoclay and water (1.5% w/v)
during 3 h at 80 °C. The dispersion was centrifuged at 2500 rpm. Insoluble
matter was rejected. Centrifugation was used as a selective method of size
separation. Mt concentration in Mt solution was determined by drying to
constant weight, 20 mL aliquot in an oven at 105 °C.

Film-forming solution was prepared by mixing BG (10% w/v),
glycerol in a concentration of 25% w/w of BG, water and the addition
of an appropriate amount of Mt solution to obtain a Mt concentrations
of 5% w/w of BG. The resulting dispersion was kept 60 min in an ultra-
sonic bath. Film forming solution was poured onto polystyrene plates.
Then, they were placed in an air-circulating oven at 35 °C and 53% RH
for 15 h. After that, plates were removed from the oven and films peeled
off. Films were stored at 25 °C and 53% RH before characterization.

2.3. Determination of moisture adsorption

Constant relative humidity environments were established inside
sorbostats, glass jars, using salt solutions. The salts used (LiCl, CH3COOK,
MgCl,, K,CO3, Mg(NO3),, NaBr, NaCl, KCI) were the different salts rec-
ommended by the European project COST-90 (Spiess and Wolf, 1983),
to cover a water activity (a,) range from 0.10 to 0.90. Film samples
(rectangular strips approximately 2 cm? area) were first freeze-dried
(Thermovac Industries Corp, USA) and stored in a desiccator with
P,05 during 72 h. Samples were weighed and placed on a plastic lattice
by holding it on a tripod inside the sorbostats that contain the saturated
salt solutions and then the sorbostats were sealed. The sorbostats were
kept inside an environmental chamber maintained at constant temper-
ature. Film samples were equilibrated in the sorbostats for 4 days before
their weights were recorded. The weights of the samples were checked
during 3 more days. Equilibrium was judged to have been attained
when the difference between two consecutive sample weightings was
less than 1 mg/g dry solid. Data were reported for each relative humidity
as gram of water sorbed/100 g dry film. Adsorption tests were done in
quadruplicate at each a,,. The moisture adsorption determination was
done at 5, 25 and 45 °C.

The data obtained were fitted by BET model (Eq. (1)):

wy-C-a,
(1=ay) - (1+(C=1)-ay)

W, =

(1)

where w, is the equilibrium moisture content (g water/100 g dry film),
W is the monolayer moisture content (g water/100 g dry film) and Cisa
temperature dependent adsorption constant.

The quality of the fitting was evaluated through the R? and through
the mean relative percent error (%E) defined as:

n
%E_Z[
n=1

} < 100 2)
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where n is the number of data points, (w.) and (wp,) are experimentally
observed and predicted by the model values of the equilibrium moisture
content, respectively. The %E has been widely adopted throughout the
literature to evaluate the goodness of fit of adsorption models, with a
%E value below 10% being indicative of a good fit for practical applica-
tions (Al-Muhtaseb et al., 2002).

2.4. Thermodynamic parameters

The neat isosteric heat of adsorption (Qs) provides an indication of
the binding energy of water molecules and has some bearing on the
energy balance of drying operation (Iglesias and Chirife, 1982). It is de-
fined as the difference between the actual enthalpy change of adsorp-
tion at constant moisture sorption, we, or isosteric heat of adsorption
(AH), and the latent heat of water condensation (\):

Qs = AH—N €)

These values can be deduced from the adsorption isotherm data, at a
number of temperatures, by applying Clausius-Clapeyron equation:

AH  0Olnp
R~ 9(1/T) @)
where p is the water vapour pressure (a,, multiplied by pure water va-
pour pressure at isotherm temperature), T is the absolute temperature
and R is the universal gas constant. The relation is applied to the system
and the pure water with the following assumptions: (1) the heat of
vaporisation of pure water and excess heat of adsorption do not change
with temperature, and (2) the moisture content of the system remains
constant (Al-Muhtaseb et al., 2002).
Gibb's energy chances (AG) were calculated as follows:

AG =R-T-Ina, (5)

and entropy changes of adsorption process (AS) can be calculated from
Gibb's equation as suggested by Gabas et al. (2000):
_ AH—AG

As === (6)

2.5. Water vapour permeability

The apparatus and methodology described in the ASTM E96 (ASTM,
2010) were used to measure film permeability. Film specimens were
conditioned for 48 h in a chamber at 25 °C and 53% relative humidity
(Mg(NOs3), saturated salt solution) before being analysed. Films were
sealed on cups containing different saturated salt solutions or distilled
water that provides higher relative humidity. Test cups were placed in
a desiccator cabinet maintained at constant temperature. Saturated
salt solutions were used to provide specific relative humidity. In all
cases, relative humidity inside the desiccator cabin was lower than rel-
ative humidity inside the cups. Table 2 shows the range of a,, used in
each assay. A ventilator was used to maintain uniform conditions at all
test locations over the specimen. Weight loss measurements were
taken by continuous weighing of the test cup to the nearest 0.001 g
with an electronic scale (Ohaus PA313, USA). Data were transferred to
a computer. Weight loss was plotted over time and when steady state
(straight line) was reached, 8 h more was registered. Thickness value
was the mean value of five measurements with an analogical thickness
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gauge (Digimess, Argentine) and it was used for water vapour perme-
ability calculations. The water vapour transmission rate (WVTR) was
calculated from the slope (G) of a linear regression of weight loss versus
time (Eq. (7)) and measured water vapour permeability (P) was calcu-
lated according to Eq. (8):

G

WVIR = )
WVIR -1
P:cte~m (8)

where | is the film thickness; A is the exposed film area, pyo is the partial
pressure of water vapour at the film surface outside the cup, py; is the
partial pressure of water vapour of distilled water or saturated solution
inside the cup, and cte is a constant that satisfies unit conversions.
Corrected values of water vapour permeability (P.) were obtained ac-
cording the equation proposed by Gennadios et al. (1994):

WVIR - 1

P. = cte-
¢ Ap,

9

Ap; is the difference of water vapour partial pressure at each side of the
film.

The test was carried out in triplicate for each film at constant tem-
perature of 25 °C.

2.6. Statistical analysis

Statistics on a completely randomized design were performed with
the analysis of variance (ANOVA) procedure in GraphPad Prism 5.01
software. Tukey's multiple range test (p < 0.05) was used to detect dif-
ferences among the mean values of film properties.

3. Results and discussions

A biodegradable film based on a nanocomposite formed with BG and
Mt plasticized with glycerol, was elaborated. Due to the hydrophilic
nature of both, BG and Mt, an enhanced nanodispersion state was
expected.

3.1. Moisture adsorption isotherm
The effect of water vapour pressure on moisture content of BG films

and BG/Mt films at different temperatures is shown in Fig. 1. The exper-
imental data are presented as a function of water vapour pressure rather

than a,, for better readability of the figure. The BET model fits are also
shown. Film water adsorption decreases as temperature increases in
all samples. Curves present a relatively low slope at small values of
water vapour pressure, but take an exponential course at high relative
humidities. This behaviour indicates that the film structure is modified
above a certain degree of freedom of water molecules. Under these con-
ditions, polymeric chains swell altering its conformation.

Mt is capable to interact with hydrophilic group of BG. Experimental
data obtained for BG/Mt film indicate that incorporation of nanoclay re-
duces the water adsorption. This effect notoriously increases at high a,
demonstrating that water molecules have less affinity with the film ma-
trix. These results indicated that the addition of Mt improves the water
resistance of the BG matrix. According to Slavutsky et al. (2014), this ef-
fect increases at high ay,. It could be possible that the strong interactions
between BG and the hydroxyl groups of the Mt layers, through hydro-
gen bonds, reduce the number of hydrophilic sites available for water
molecules, resulting in a decrease of water solubility and diffusivity in
the film matrix. As a result, the water sensitivity of a highly hydrophilic
composite film is reduced. Water content data for a,, values exceeding
0.75 are not considered due to the high hydrophilicity of BG. Among
the tested samples, the moisture content decreased with increasing
temperature at constant a.

Table 1 shows the fitting model parameters to data (BET model).
Water monolayer values decrease with temperature indicating an exo-
thermic process. BG/Mt films presented monolayer values lower than
BG film. This indicates that Mt reduce the number of sites where
water molecules can interact with BG chains, decreasing the water ad-
sorption of the film.

3.2. Thermodynamic parameters

The entropy change, Gibb's energy change and isosteric heat of ad-
sorption were calculated using Egs. (3), (4), (5) and (6). Fig. 2 repre-
sents the entropy changes for BG films and BG/Mt films. The entropy
curve exhibits a well-defined minimum corresponding to the comple-
tion of the monolayer. The decrease in entropy is associated with the
loss of mobility of water molecules followed by an increase in entropy
as water recovers mobility by forming several layers (Bertuzzi et al.,
2003; Al-Muhtaseb et al., 2004). BG/Mt films presented entropy change
values smaller than BG films, indicating that the structure formed is
more stable. At low moisture content a marked difference between
both curves is observed suggesting that the interaction between water
and BG/Mt films is stronger than between water and BG films. This
trend could be attributed to the change of the number of available sorp-
tion sites of high energy level (Madamba et al., 1996). BG/Mt films
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Fig. 1. Moisture sorption isotherm of BG films and BG/Mt films at different temperatures (BG: W 5°; ¢ 25°; A 45°.BG/Mt: O 5%; ¢ 25°; A 45°) and BET model fit (BG mmmm; BG/Mt; == =).Bars

indicate standard deviation.
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Table 1

Estimated BET parameters of BG films and BG/Mt films.
Temperature (°C) Wo C R? %E
BG films
5 9.1580 0.8813 0.9815 2.37
25 8.6213 0.6202 0.9856 1.68
45 34513 3.1023 0.9876 2.53
BG/Mt films
5 8.3837 0.7703 0.9835 0.97
25 6.9123 0.4488 0.9809 2.58
45 29531 2.7103 0.9889 1.63

exhibited lowest AS values than BG films in all moisture contents. These
observations indicated that BG films were more hydrophilic, which is
also consistent with the previous moisture adsorption isotherm results.
The process of water adsorption is clearly irreversible because a net en-
tropy production is observed along the whole process. Almost constant
entropy can be observed at high moisture contents suggesting that de-
sorption is reversible until a critical moisture content is reached.

Fig. 3 shows the values obtained for Gibb's energy change and
isosteric heat of adsorption. The values obtained for Gibb's energy
change for both samples were negative as it was expected for a sponta-
neous process. In addition, BG film presented lower values (greater in
absolute values) than BG/Mt films suggesting that the process occurs
with more energy liberation, which indicates that adsorption is a
more favourable process in BG films. The difference between curves de-
creases as moisture content increases. This thermodynamic behaviour
was observed by several authors (Fasina et al., 1999; Sundaram and
Durance, 2008; Xiao and Tong, 2013). According to Sundaram and
Durance (2008) these curves also give the level of intermolecular
force between the water vapour and the film surface. At low moisture
content, water is adsorbed on the most accessible and polar locations
at the external surface of the film. These are the sites with the highest
intermolecular forces. When the film moisture increases, the intermo-
lecular forces become weaker and the net isosteric heat of adsorption
is reduced. As the moisture content increases, the sites available for
the adsorption of water diminish, resulting in lower net isosteric heat.

The heat of adsorption is a measure of the energy released on sorp-
tion (the heat of adsorption is negative) (Al-Muhtaseb et al., 2002).
Water adsorption process in BG based films is exothermic, within the
range of water activities investigated. Values of net isosteric heat of ad-
sorption have been deduced from water isotherm data, adopting the
Clausius-Clapeyron equation. As water vapour is brought in contact
with a heterogeneous surface, where active sites of different energy
are present, the most active sites are those first sorbed by the water
molecules followed by those less active until the first layer of water is
completed (Bertuzzi et al., 2003). BG films and BG/Mt films present a
peak at the monolayer values obtained by BET model. This indicates
that the monolayer completion is accomplished with the release of
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Fig. 3. Gibb's energy change of BG films (a===s ) and BG/Mt films (== =). Netisosteric heat
of sorption of BG films (=) and BG/Mt films (= - ).

energy. In BG/Mt films this energy liberation is greater than in BG
films, indicating a more stable final structure. After the monolayer is
completed, net isosteric heat of adsorption decreases (absolute value)
with moisture content at the same time as multilayer is formed. The for-
mation of multilayer for BG/Mt films seems to be more pronounced
with the increase of moisture content. That occurs because the water
competes with Mt for OH-groups of BG, and at high moisture content
this process is favoured, as it is observed in the curves of Gibb's energy
change.

Slavutsky and Bertuzzi (2012) reported similar thermodynamic be-
haviour in starch/Mt films, but the difference between curves (starch
films and starch/Mt films) decreases as the moisture content increases.
In the present study, the curves corresponding to BG films and BG/Mt
films maintain a constant difference in the moisture range studied. It
is indicative that the addition of Mt does not affect the interaction be-
tween water and polymer and therefore has no effect on the mobility
of water molecules in the multilayer. This may be due to the structural
differences between starch and BG polymers. BG is an amorphous poly-
mer with high water adsorption capacity, according the reported solu-
bility values at a,, greater than 0.75.

3.3. Water vapour permeability

Table 2 shows the water vapour permeability of BG films and BG/Mt
nanocomposite films measured with different driving forces (Aa,,) and
a,y ranges. The water vapour transmission rate (WVTR) indicates the
flux of water molecules through the film. These values are lower for
BG/Mt film than for BG films, in all conditions tested. According to the
data, WVTR also depends on the driving force. WVTR increases with in-
creasing Aa,,.

Table 2 also shows the measured and corrected values of water per-
meability (Pm and Pc), the last obtained according to Gennadios et al.
(1994). Permeation process, developed in different ranges of a,,
(below and above a,, = 0.6), evidences some modifications of the poly-
mer matrix (plasticization by water), showing a mild influence of the

Table 2

Water vapour permeability of BG films and BG/Mt films.
Films samples  Aa,, WVTR Pm Pc Thickness

(g/m-s) (g/m-s-Pa) (g/m-s-Pa) (m)

BG 0.33-0.54 0.0035 5.60E—10 1.10E—09 1.07E—-04
BG/Mt 0.0027 4.14E—10 6.63E—10 1.03E—-04
BG 0.54-0.76  0.0046 7.01E—10 1.74E—09 1.09E —04
BG/Mt 0.0031 4.50E—10 7.64E—10 1.07E—04
BG 0.33-0.76  0.0105 8.16E—10 2.82E—09 1.07E—-04
BG/Mt 0.0081 6.19E—10 1.37E—09 1.05E—04
BG 0.00-1.00 0.0165 5.79E—10 1.12E—09 1.11E—-04
BG/Mt 0.0110 3.64E—10 5.35E—10 1.05E—-04
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driving force and a,, range on permeability. The effect of the tortuous
pathway generated by Mt incorporation is significant in all the ranges
of a,, tested. In the same range of a,y, the interactions between BG and
Mt were also observed. Incorporation of Mt produces a decrease on per-
meability in all the a,, ranges studied. Similar behaviour was reported
by Slavutsky and Bertuzzi (2012) for starch/Mt films. The incorporation
of nanostructures generates a tortuous pathway into the film that pro-
duces a decrease on diffusion rate of water molecules. The decrease on
solubility produced by Mt incorporation is also important for water per-
meability reduction.

4. Conclusion

Considering the complex mechanisms involved in water vapour
transport through hydrophilic materials, the effect of Mt incorporation
into BG films was studied through thermodynamic analysis. BG films
and BG/Mt nanocomposite films were prepared, water adsorption
data at different temperatures were collected and thermodynamic pa-
rameters of the water adsorption process were determined. Experimen-
tal data of water adsorption showed an exothermic process and they
were adequately fitted by BET model. Results indicated that the incor-
poration of Mt produces a decrease on film water adsorption in all
ranges of a,, studied. The water content of the monolayer, calculated
with BET equation, reduces with Mt incorporation at all temperatures,
indicating a lower affinity to water.

Entropy change and net isosteric heat of adsorption show a well-
defined peak at monolayer water content, and in both cases, indicate a
more stable and ordered structure when Mt was added. Gibb's energy
changes show the process spontaneity and indicate that the final struc-
ture of BG/Mt films has less affinity to water than BG films. Permeability
depends on the tortuosity of the pathway formed by Mt nanoparticles
and solubility of water molecules. Mt incorporation reduces the hydro-
philic character of BG based films.
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