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In the present work, compression molded polyurethane=bentonite composites were
manufactured and their water sorption characteristics were determined as a func-
tion of filler content and drying conditions. The matrix was a polyurethane derived
from castor oil and the filler was a commercially available sodium bentonite.
Filler contents varied from 0 to 10% by weight. The effects of three filler drying
conditions, that is, 1 h at 200�C; 1 h at 110�C, and 24 h at 110�C, on the water sorp-
tion behavior of PU=bentonite composites with 5% w=w filler loading were also
analyzed. The experimental results show that the water sorption behavior of the
composites could be satisfactorily modeled by the Fickian model, and that the
amount of absorbed water increases with the filler loading. It was also observed
that, within the first 200 h of immersion, composite water sorption was lower than
that of the polymeric matrix alone. The data evince that although only minor dif-
ferences were noted, water sorption is reduced when the filler was dried at higher
temperatures.
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INTRODUCTION

In the last few years, polymer nanocomposites became an important
research area because these materials exhibit excellent synergistic
properties derived from both the reinforcement particles and the poly-
meric matrix [1]. One of the most promising systems of nanocomposite
materials is based on organic polymers and clay minerals in the form
of layered silicates [1–4]. Production of nanocomposites from layered
silicates opens interesting possibilities because it improves the proper-
ties of traditional plastic resins, enlarging their field of application [5].
However, the properties of nanocomposite materials are highly depen-
dent on the loading-matrix interaction, which can be significantly
affected by surface treatments of the filler or by water sorption [6–7].

The present work deals with the water sorption behavior of com-
pression-molded PU=bentonite composites made with industrial
sodium bentonite clay as reinforcement and a polyurethane derived
from castor oil as matrix. The water sorption behavior of these compo-
sites was analyzed as a function of the weight fraction of the bentonite
clay, which was varied up to 10 %w=w. The effect of the clay drying
conditions on the water sorption behavior was also analyzed.

EXPERIMENTAL

The polyurethane matrix was obtained by combining a polyol (Garicin
A230, with 230 KOH mg=g, provided by Proquinor, Brazil) and a
modified isocyanate prepolymer (M25, with 15% free isocyanate, also
provided by Proquinor, Brazil) in a 1:0.7 ratio by weight, as recom-
mended by the resin manufacturer. Both materials were obtained
from castor oil. The clay was an industrial sodium bentonite from
Boa Vista, Paraiba (Brazil), commercially available under the name
Brasgel. Composites with clay loadings of 0, 1, 3, 5, 7, and 10% by
weight were analyzed. These composites were manufactured using
bentonite dried for 1 h at 110�C.

The effect of the drying conditions of the bentonite clay upon the
water absorption kinetics of composites manufactured with 5% w=w
filler loading was also evaluated. Besides the basic drying condition
of 110�C for 1 h, composites where also prepared using bentonite dried
at 110�C for 24 h, and at 200�C for 1 h.

The clay was mixed with the polyol for 1 h hour at ambient tempera-
ture using a mechanical stirrer operated at 600 rpm. The mixture was
dried under vacuum for another hour, with constant stirring, at a tem-
perature of 80� 5�C. The isocyanate prepolymer was also dried under
vacuum for 1 h at 80� 5�C, and then added to the polyol=bentonite
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system, with manual stirring for 1 min. The resulting mixture was
poured into the cavity (200� 180� 3 mm) of a metal mold. The mold
was closed, and the cure was performed under a pressure of 8 ton
(2.2 MPa) for 4 h at ambient temperature. Test specimens 20 mm long,
20 mm wide, and 3 mm thick were machined from the plates and
finished with grinding papers (#100 and 180 grits).

Prior to the water sorption test, the test specimens’ sides were
sealed with the same resin used as matrix. This procedure was
adopted to avoid direct water contact with the filler. The test speci-
mens were then dried in an oven for 24 h at 105� 5�C. Water sorption
was determined by comparing dry and wet weights, according to
ASTM D570 standard. The test specimens were immersed in distilled
water at ambient temperature, and at predetermined times (every 2 h
at short times, 24 h at long times) were taken out of the water bath,
quickly dried with low absorption paper towels, and weighted within
� 0.1 mg. Three test specimens were used per condition of analysis,
and sorption measurements were made up to the apparent saturation
(constant weight) of the samples.The experimental data were fitted to
the simplified equation proposed by McKague et al. [8] that can model
the complete absorption curve, namely:

M%

M1
¼ tan h

4

h

ffiffiffiffiffiffi
Dt

p

r !
ð1Þ

where M% is the mass of water absorbed in a time t, M1 is the mass of
water absorbed at saturation, h is the thickness of the sample, and D is
the diffusion coefficient.

RESULTS AND DISCUSSION

Figure 1 shows the experimental weight gain versus immersion time
curves obtained for the composites manufactured after drying the ben-
tonite for 1 h at 110�C. It can be seen that the water sorption increases
with the bentonite weight fraction. For the larger clay loading (10% by
weight) an increase of 60% over that of the matrix was observed. It
was also observed that, within the first 200 h of immersion, the
amount of water absorbed by the composites was lower than that of
the polymeric matrix alone. This behavior can be attributed to the
increase in the free path for water transport within the composite
[9], That contributes to the steady decrease of the diffusion coefficient
with the bentonite loading (Table 1). This initial behavior is, in fact,
very attractive from a practical point of view. Moreover, when layered
silicates are well dispersed inside a polymeric matrix, resulting in a
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considerable increase in the free path for water transportation, swell-
ing of the matrix is also expected to decrease [10–11]. The results in
Table 1 show that, in fact, the diffusion coefficient is leveling off to a
constant value as the weight fraction of bentonite increases. This
may suggest a change of the degree of exfoliation and, therefore, of
the morphology of the composite as the fraction of bentonite is
increased. In fact, an exfoliation to intercalation transition was
observed as the amount of clay is increased for LDPE=clay nanocompo-
sites [12]. A detailed microstructural investigation of these composites
is, however, beyond the scope of this work.

TABLE 1 Water Sorption Parameters

%w=w bentonite D, 10� 6�mm2=s M1, % r

0 (Matrix) 15 1.03 0.992
1 6.7 1.07 0.998
3 1.9 1.18 0.992
5 1.74 1.30 0.987
7 1.58 1.37 0.991

10 2.31 1.57 0.981

FIGURE 1 Water sorption behavior of polyurethane=bentonite systems as a
function of bentonite weight fraction.
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The values of M1, obtained extrapolating the experimental data
to Eq. 1, are also listed in Table 1, and are plotted as a function of
bentonite loading in Figure 2. A linear relationship holds, high-
lighting the bentonite hydrophilic behavior. In fact, the polyurethane=
bentonite composite manufactured is a multiphase system composed
by hydrophilic regions (bentonite) dispersed in a hydrophobic matrix
(polyurethane). The co-existence of phases with different water per-
meability characteristics results in complex water transport phenom-
ena [13]. However, as shown in Figure 3, the experimental points for
all formulations analyzed fitted well the theoretical Fickian model
curve, Eq. 1. Table 1 also lists the high correlation coefficients found.
Moreover, the value predicted for the diffusion coefficient of the poly-
urethane matrix is identical to previously reported values obtained
modeling the water sorption using the Fickian model [14]. Therefore,
and although the bentonite=polyurethane composite is a biphasic sys-
tem, the evidence shows that a Fickian mechanism is driving water
sorption. It is worth noticing here that for vinyl ester=montmorillonite
nanoclay nanocomposites [15] considerable amount of deviation
from Fickian behavior was observed, although the same trends of
decrease of the diffusion coefficient and increase of equilibrium water

FIGURE 2 Variation of the water saturation value, M1, with bentonite
weight fraction.
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content with increasing amount of clay in the matrix polymer were
found.

The effect of bentonite drying conditions on water sorption of the
polyurethane=bentonite composite system is presented in Figure 4.
Clay loading of 5% by weigh was employed in this test. Results show
that, within the limits of time and temperature of drying investi-
gated in this work (i.e., 110�C for 1 h, 110�C for 24 h, and 200�C for
1 h) the drying condition did not significantly affect water sorption,
although small differences where observed. A decrease of 3.1% in
the absorption of water when the bentonite was dried for 24 h at
110�C and a decrease of 6.2% when the bentonite was dried for 1 h
at 200�C, compared with the composite where the clay was dried
for 1 h at 110�C. These results may be attributed to a decrease of
the water content in the load, contributing to a better bentonite=
matrix interaction during the manufacture of the composite. Better
load to matrix interfaces usually contribute to decrease the formation
of defects, like voids, in the bentonite=polymer interface, leading to
an effective decrease in the water absorption capability of the com-
posite, as observed.

FIGURE 3 Example of the fitting curve (solid line) obtained with the experi-
mental data. The curve shown is for the bentonite=polyurethane system with
3 wt% of bentonite.
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CONCLUSIONS

The water sorption behavior of bentonite=polyurethane composites
was affected by the amount of bentonite. Although the diffusion coef-
ficient was reduced if compared to that of the bare matrix—which
was explained as being due to an increase of the water diffusion path
with clay addition—the saturation value steadily increased with the
loading, and a linear relationship was found between M1 and benton-
ite weight fraction. The overall sorption behavior could be modeled by
the Fick model.

A comparative analysis of the results obtained for the composites man-
ufactured with bentonite dried for 1 h at 110�C shows that longer clay
drying times (24 h vs. 1 h, at 110�C) resulted in a 3.1% decrease in water
sorption, whereas drying at higher temperatures (200�C vs. 110�C, for
1 h) caused a 6.2% decrease. Although small, these differences can con-
tribute to reduce the number of defects at the load to matrix interface,
and therefore, can contribute to better mechanical properties.
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