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ABSTRACT: Water sorption and diffusion have been investigated in poly(3-hydroxybu-
tyrate) (PHB) and three poly(3-hydroxybutyrate-co-3-hydroxyvalerate) copolymers
[P(HB-HV)] by means of a Cahn electromicrobalance. Permeability of these samples
have been determined using a gravimetric permeation cell. Two experimental setups
were used for the gravimetric sorption measurements, under dynamic and static
conditions, respectively. The differences observed in the results obtained using these
techniques are discussed. The sorption measurements have evidenced the tendency of
water molecules to form aggregates or clusters in the polymer. In addition, the static
sorption method revealed the potential of PHB and P(HB-HV) to undergo molecular
relaxations, eventually leading to a partial desorption of the previously sorbed water
after an induction period. The clustering effect was adequately described by the poly-
condensation model. On the other hand, the interpretation of the diffusivity in terms of
mobility coefficients has revealed a competition between a plasticization effect and
clustering. As a whole, water transport properties in PHB and its copolymers can be
considered to be very close in magnitude to those of common thermoplastics such as
PVC and PET. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 455–468, 1999
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INTRODUCTION

Nowadays there is a rising concern about envi-
ronmental issues, particularly those related to
effective management of postconsumer waste.
This ecological awareness has led to development
of new biodegradable materials, which can be a
valid alternative in specific situations when recy-
cling or incineration is difficult or not economi-
cally feasible.

Among the various new biomaterials that have
been introduced, poly(3-hydroxyalkanoates)
(PHA) seem to be one of the classes that has
received most attention. Now available from Mon-
santo under the trade name of BIOPOL™, this
family of copolymers of 3-hydroxybutyrate (3HB)
and 3-hydroxyvalerate (3HV) is produced by
many kinds of bacteria from such renewable raw
materials as glucose and propionic acid. Alcali-
genes eutrophus, the microorganism selected for
industrial production, is capable of accumulating
up to 80% of its dry weight as granules of poly(3-
hydroxybutyrate) (PHB) if growing conditions are
carefully controlled.1

PHB is a hard, highly crystalline thermoplastic
with a melting point of about 180°C and a glass
transition slightly above 0°C. It is often compared
to polypropylene in regard to its physical proper-
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ties2,3; however, PHB has some undesirable char-
acteristics that have prevented its development
as a commodity material. Its main drawbacks are
its brittleness and low melt stability, as well as its
exceedingly high price. Some of these inconve-
niences were overcome with the introduction of
statistically random copolyesters of 3HB and 3HV
(P(HB-HV)). Toughness, elongation at break, and
thermal stability are properties that increase
with 3HV content.4–6

Furthermore, P(HB-HV) copolymers display
the unusual feature of reaching approximately
the same high level of crystallinity at all compo-
sitions (up to 70%). This enables the useful prop-
erty of hydrolysis resistance to be retained in all
the range of copolymers. P(HB-HV) copolymers
have been shown to display isodimorphism: 3HV
units are able to crystallize in the PHB lattice at
compositions up to 40% 3HV mole content, and
vice versa at higher percentages. Although this is
a rare occurrence in polymers, P(HB-HV) satisfies
the physical requirements for isodimorphism in
that both 3HB and 3HV units have approximately
the same monomer sizes, and the homopolymer
chain conformations are compatible with either
crystalline lattice.7–9

The features of biodegradability and biocom-
patibility of P(HB-HV), together with its low sus-
ceptibility to aqueous hydrolysis, open a wide
spectrum of opportunities for these materials.
Medicine, packaging, and agriculture seem to be
the fields that can take the greatest advantage of
P(HB-HV),3 fields in which the knowledge of the
relations between water and polymer is of crucial
importance for most applications.

In previous publications, we have surveyed the
transport properties of pure PHB10 and charac-
terized the CO2 sorption in PHB and P(HB-
HV).11,12 Taking the matters further, the aim of
this article is to provide a characterization of wa-
ter sorption and transport in both pure PHB and
three P(HB-HV) copolymers with contents of 8,
14, and 24% 3HV units, which, in the following
paragraphs, are referred to as PBV8, PBV14, and
PBV24.

EXPERIMENTAL

Materials

The polymers used in this study were purchased
from Aldrich. Films of uniform thickness of about
35 m were solvent cast from chloroform solutions

over a smooth PTFE surface. After slow evapora-
tion of the solvent, the films received a thermal
treatment over 3 weeks at 60°C under vacuum to
ensure full solvent removal and complete crystal-
lization (around 70% crystallinity for all copoly-
mers). The differential scanning calorimetry
(DSC) characterization of the samples used has
been presented elsewhere.12

Methods

Water sorption experiments were performed us-
ing a Cahn D-200 electrobalance enclosed in a
thermostated cabinet. Two different experimental
setups, which can be found in the literature, for
water sorption measurements have been em-
ployed. Their differences mainly arise from the
manner in which the water vapor is supplied to
the balance chamber. They are referred to as the
dynamic and the static methods. Traditionally,
the static method has been more widely used in
studies of water and organic solvent sorption13–17;
however, the dynamic method has also been de-
scribed in detail.18,19

Dynamic Method

A stream of nitrogen, adjusted to specific values of
relative humidity, provided the water vapor in
the sample chamber of the balance. After placing
the polymer sample in the balance chamber at a
constant temperature, it was purged with a dry
nitrogen stream to eliminate residues of other
gases. Then, at zero time, the nitrogen stream
with adjusted humidity was allowed into the sys-
tem at a mass flow of about 75 mL min21. We
have calculated the speed of the stream in the
vicinity of the sample to be about 0.03 cm/s. This
speed must be low enough to avoid buoyancy ef-
fects in the sample. The apparatus is similar to
that described by Hernandez and Gavara,18 in
which the desired humidity is obtained by mixing
wet and dry nitrogen streams, the former coming
from a glass washing bottle filled with distilled
water. Closed containers with salt solutions were
also used to provide high relative humidities
(.70% RH). Water activity values were measured
by using Hygrosensors Type H-3 humidity sen-
sors from Newport Scientific, Inc. The final sorp-
tion value was corrected by subtracting a blank
value obtained in the same conditions, without
any sample in the balance pan.

The main advantage of this experimental setup
is that water sorption is measured under condi-
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tions similar to those found in practical packaging
applications; that is, in presence of atmospheric
gases. However, the dynamic method has the
drawback that the time needed to reach the de-
sired relative humidity inside the balance is very
long, typically taking a few hours. Consequently,
diffusion coefficients cannot be calculated by the
conventional methods, which require that the
penetrant at the desired activity is instanta-
neously put in contact with the membrane.

Static Method

In this case, the water vapor source was a stain-
less steel container filled with degasified distilled
water.15 Before water sorption experiments were
performed, the balance was evacuated by means
of a vacuum pump. Then, the valve isolating the
water container from the balance chamber was
opened, allowing the water vapor to fill the sam-
ple chamber instantaneously. The water con-
tainer had a built-in jacket connected to a ther-
mostatic bath, so that the temperatures in the
balance chamber and the water container could
be selected independently. By choosing an ade-
quate temperature in the liquid water container,
the water vapor pressure ( pv) can be controlled.
The Antoine’s equation gives the relationship be-
tween the water vapor pressure in equilibrium
with liquid water at a temperature T.20

ln@pv~mmHg!# 5 18.3036

2 3816.44/@ 2 46.13 1 T~K!# (1)

The water activity in the balance (a) can be
calculated as the quotient between pv and the
water vapor pressure at the experimental temper-
ature set in the balance chamber, pv

0.

a 5 pv /pv
0 (2)

With this experimental setup, both sorption
and diffusion phenomena can be studied simulta-
neously. The amount of mass recorded without a
sample in the balance pan proved to be small, but
significant, so that it was necessary to subtract
the corresponding blank run from the experimen-
tal data to obtain the actual sorption curve. Water
sorption by the static method has been studied for
PHB and PBV14, chosen as a representative of
the low 3HV range copolymers.

Permeation

Water vapor permeation experiments were per-
formed at 30°C on a gravimetric cell in which a

small amount of liquid water was sealed by a
membrane. The cell was put on a balance with a
readability of 1025 g, and the weight loss of the
cell, solely due to the permeation of the water
vapor through the membrane, was followed by
means of a computer connected to the balance.
The details have been described elsewhere.10 The
water activity inside the cell was 1; whereas, the
downstream average humidity was 33 6 2%, as
recorded with a thermohygrometer.

RESULTS

Dynamic Sorption Experiments

The water sorption isotherms obtained at 30°C
over a wide activity range (0.03–0.93) are pre-
sented in Figure 1, where C stands for the sorbed
concentration. There is no significant difference
in sorption behavior between the copolymers, so it
can be stated that water sorption is virtually in-
dependent of the 3HV content of the copolymer in
the composition range studied here. Our sorption
results are in full agreement with data presented
elsewhere for PHB,21,22 also being close in mag-
nitude to those of PET23 and PVC.24 The iso-
therms show a pronounced upturn at high activ-
ities, which is a typical behavior in moderately
hydrophobic polymers.24–26 This curvature is
usually ascribed to the clustering of the water
molecules inside the polymer to form aggregates
because of the predominance of water–water over
water–polymer interactions.

Figure 1 Water sorption in PHB and copolymers at
30°C.
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Zimm and Lundberg27–29 provide a simple and
adequate analysis to quantify the clustering phe-
nomenon. They defined a “clustering function”
(G11/V1) for binary systems in equilibrium, based
on the statistical mechanics of concentration fluc-
tuations. The function is given by the following
equation,

G11

V1
5 2A2F­~a1/A1!

­a1
G

P,T

2 1 (3)

where the subscript 1 refers to the penetrant, V1
is its partial molar volume, A1 is the penetrant
volume fraction, and G11 is the clustering inte-
gral. The parameter A1G11/V1 gives the average
number of penetrant molecules in the neighbor-
hood of a given molecule in excess of the mean
concentration, and 1 1 A1G11/V1 represents a
measure of the cluster size. Thus, clustering is
indicated when 1 1 A1G11/V1 takes a value
greater than one.

The results of the analysis for PHB and the
copolymers are shown in Figure 2. As can be seen
in this figure, clustering is clearly indicated at
high activities. The values of 1 1 A1G11/V1 lower
than 1 that appear in the lower activity range
(0–0.2) suggest a limited, but discernible, segre-
gation of the water molecules.29 This is related to
a slight concavity that appears in the sorption
isotherms of all samples with respect to the ab-
scissa axis in this range. This kind of concavity,
more commonly found in hydrophilic polymers, is
usually interpreted in terms of a segregation ef-
fect of the sorbed water molecules attributable to

Langmuir-type adsorption on pre-existing holes
or polar groups in the polymer.30–32

Table I shows the Flory–Huggins interaction
parameter (x) for the water-PHB system, calcu-
lated by referring the sorption data to the amor-
phous dry polymer, assuming zero sorption in the
crystalline phase, after the following equation.

x 5
ln~a/A1! 2 A2

A2
2 (4)

The high values obtained for x reflect the low
level of interaction existing between polymer and
penetrant. Accordingly, the general decrease of
the interaction parameter with activity is consis-
tent with the increase in the sorption levels at-
tributable to the onset of clustering. This effect is
particularly marked in the high-activity range. It
has been said that the sharp drop in the interac-
tion parameter at high activities can be ascribed
to the onset of a nonrandomness effect in the
mixing of polymer and water molecules, which
can be identified with the existence of clustering
in the present case.24,25 Unfortunately, the study
of the interaction parameter alone does not pro-
vide the means to make a quantitative evaluation
of the clustering effect.24

Temperature Influence

Given the potential use of a polymeric material in
diverse environmental conditions, it is always in-
teresting to consider the effect of the temperature
in its properties. Accordingly, water sorption iso-
therms were determined at four different temper-
atures (25, 30, 40, and 50°C) for a PBV8 sample
(see Fig. 3), chosen as a representative of the set
of polymers used in the preceding paragraph,

Table I Flory-Huggins Interaction Parameter
for the PHB–Water System

Water Activity Interaction Parameter

0.20 3.06
0.31 3.04
0.40 3.02
0.51 2.95
0.64 2.96
0.74 2.91
0.81 2.80
0.91 2.53
0.93 2.40

Figure 2 Average cluster sizes at 30°C.
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given the similarity in their sorption behavior. By
applying the Arrhenius equation to the sorption
data, the enthalpy of sorption, DHS, can be eval-
uated26:

KH 5 KH
0 exp~ 2 DHS/RT! (5)

where KH represents the sorption data expressed
in (cm3STP/cm3 cmHg), being KH

0 a pre exponen-
tial factor. By plotting the logarithm of KH versus
1/T for several selected concentrations, linear re-
lationships were obtained, and the sorption en-
thalpies were easily calculated from the slopes.
The corresponding mixing enthalpies (DHM) can
be evaluated from the relation.16

DHS 5 DHM 1 DHC (6)

where DHC is the water condensation enthalpy,
taken as 43.47 Kj/mol.33 The results are pre-
sented in Table II. DHM tends to decrease toward
zero when the water concentration increases, as
expected in systems showing clustering. At high

concentrations, the incoming water molecules
tend to be sorbed in the surroundings of other
already sorbed molecules, rather than in the poly-
mer chains. In this manner, the amount of mixing
between penetrant and polymer is greatly re-
duced, which is reflected in the dependence of
DHM with the concentration.32,34

As stated before, we have found the dynamic
method unsuitable for the determination of diffu-
sion coefficients because of the long time required
to fill the sorption chamber with the desired rel-
ative humidity. In fact, the water uptake in the
sample proceeds at the same rate than the change
in humidity in its surroundings, as can be ob-
served in Figure 4. Therefore, the Fickian equa-
tions traditionally used to calculate diffusion co-
efficients from sorption kinetic data cannot be
employed here, because this analysis requires an
instantaneous set of the selected humidity.35 Con-
sequently, the motivation to introduce the static
sorption method was the need to establish an
experimental setup adequate for the determina-
tion of the diffusion coefficient, which is the es-
sential parameter to characterize the kinetic fea-
tures of the sorption process.

STATIC SORPTION EXPERIMENTS

Sorption measurements were performed at 40°C
and various water activities between 0.20 and
0.95, according to the previously described static
method. PHB and PBV14 samples were chosen as
representatives of the low 3HV range set of P(HB-

Figure 3 Water sorption results at various tempera-
tures for a PBV8 sample.

Table II Water/PBV8 Mixing Enthalpies at
Several Concentrations

Concentration (g/100 g of Polymer) DHM (g/cm3)

0.07 13.5
0.20 5.82
0.33 3.50
0.46 1.15
0.72 0.74

Figure 4 Simultaneous variation of the weight
sorbed by the polymer and the relative humidity in the
sorption chamber, in a typical experiment performed
using the dynamic method (sample: PBV8).
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HV) copolymers studied in the previous section.
An additional PHB film was also used to study the
variation of the diffusion coefficient with the tem-
perature in the 30–50°C interval at three activi-
ties (0.30, 0.65, and 0.80).

In a typical sorption measurement, the weight
gained by the polymer film increased until a pla-
teau was apparently reached. This plateau con-
forms to a maximum in the water uptake, which
takes place within 10 and 25 min after the vapor
is admitted to the balance chamber, depending
upon the film thickness and the water activity. If
more data are recorded after the maximum, it is
possible to see that the weight uptake tends to
decrease slowly with time. Experiments lasting
up to 3 days were required to reach a true equi-
librium in the water uptake. The difference be-
tween the maximum water uptake and the equi-
librium sorption was small at low-to-medium wa-
ter activities, and only at the highest water vapor
pressures applied was the extent of sorption sig-
nificantly altered with respect to the apparent
first maximum. The magnitude of this effect be-
comes more marked with the temperature, hav-
ing a reduced effect at 30°C. These phenomena
(the initial sorption and the consequent weight
loss) is addressed in the following paragraphs as
two separate sections.

Initial Sorption Stages

The 40°C PHB water sorption data corresponding
to the maximum water uptake at the different
activities are plotted in Figure 5, together with

the corresponding results for a PBV14 sample.
Neither the shape of the curves nor the absolute
sorption levels differ significantly from those ob-
tained in the preceding section (compare with Fig.
1). In particular, the shape of the curves indicates
the existence of water clustering at this stage, as
has already been demonstrated in the preceding
sections. The kinetic sorption data obtained are
used in the following paragraphs to calculate the
diffusion coefficients that characterize the en-
trance of the water molecules in the penetrant-
free polymer.

Diffusion

PHB Case

When a polymer film is suddenly put in an atmo-
sphere with a constant concentration of a certain
penetrant, the weight gain of the polymer attrib-
utable to the sorption process is given by the
solution of the Fick’s second law, which, for a
constant diffusion coefficient, is35:

Mt

M`
5 1 2

8
p2 O

n50

` 1
~2n 1 1!2

3 expS 2 ~2n 1 1!2
Dp2

,2 tD (7)

where Mt denotes the mass gain at time t, M` is the
equilibrium mass gain, n is an integer, , is the film
thickness, and D is the diffusion coefficient. To cal-
culate the diffusion coefficient, it is customary to
apply the long time approximation of the above
equation to the Mt versus t experimental data,35

lnS1 2
Mt

M`
D 5 lnS 8

p2D 2
Dp2

,2 t (8)

From a plot of ln(1 2 Mt/M`) versus t, the
diffusion coefficient can be easily calculated from
the slope of the linear portion of the graph. In the
present study, the mass gain corresponding to the
maximum plateau (Mmax) is used instead of M` in
eqs. (7) and (8), which is originally defined as a
true equilibrium value. A typical example of the
fitting of eq. (8) is presented in Figure 6. In the
same figure, a fitting of the whole solution of
Fick’s Law [eq. (7)] is also included, taking a
series term number of n 5 5. As can be observed,
the fitting of both equations is excellent, and the
curve can be described by a constant diffusion

Figure 5 Water sorption results in PHB and PBV14
at 40°C corresponding to the maximum sorption level
(static method).
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coefficient. Therefore, it can be stated that the
first stages of the water sorption process in an
initially degasified PHB film can be considered
purely Fickian.

The results for the water diffusion coefficients
in PHB at 40°C, obtained from eq. (8), are shown
in Figure 7. Interestingly, although it has been
shown that each sorption kinetic can be described
by a constant value of D, it is also true that the
diffusivity varies from one experiment to another
at a different relative humidity. It is not easy to
find an explanation for this behavior; however, it
is worth noting that the diffusion coefficient ap-
parently varies in parallel with the water activity,
in the sense that both remain constant for a given
experiment; whereas, they change from one ex-
periment to another.

When the diffusion coefficients are plotted
against the water concentration in the polymer, a
linear relationship is observed, with the exception
only of the data obtained at the highest water
activity (a 5 0.94). Similar trends have been
observed for water diffusion in several poly(alky-
lmethacrylates).33 This situation allows extrapo-
lation to zero concentration to obtain the infinite
dilution diffusion coefficient, D0 5 1.73 3 1028

cm2/s, a value that is midway between those of
PVC (D0 5 5 3 1028 cm2/s)24 and PET (D0 5 0.9
3 1028 cm2/s)23 at 40°C. Thus, the concentration
dependence of the diffusion coefficient in a rela-
tive humidity range of approximately 0–85%, can
be expressed as follows:

D~1029cm2/s! 5 17.30 2 16.25 3 C (g/100 g) (9)

This behavior of the diffusion coefficient is fully
consistent with the clustering phenomenon: the
increase in diameter of the diffusing species at-
tributable to cluster formation would be accompa-
nied by an increased difficulty for their displace-
ment through the polymeric network, thus reduc-
ing the over-all diffusion coefficient with the
activity.16 This interpretation is dealt with in
more depth in the Discussion section.

The diffusion coefficients presented in Figure 7
are of the same order of magnitude as those pre-
sented elsewhere for the same system.21 How-
ever, in that case, the trend observed was exactly
opposite to that in the present work; that is, the
diffusion coefficient increased linearly from 1.15
3 1028 to 2.35 3 1028 cm2/s for a concentration
range of 0 to 1.2 g/cm3 at 25°C. Unfortunately, it
is difficult to give a reasonable explanation for
this discrepancy, because little information is
given in the mentioned work about either the
experimental technique used or the polymer char-
acterization features, such as the glass transition
and the crystallinity degree of the samples used.

The variation of the diffusion coefficient with
temperature has been investigated at 30, 40, and
50°C, at water activities of 0.30, 0.65, and 0.80 for
a fresh PHB sample. The diffusion data, obtained
according to eq. (8), are shown in Figure 8. Again,
linearity is observed when plotting the diffusion
coefficients versus water sorption, allowing the
extrapolation to zero concentration diffusion coef-
ficients. By applying the Arrhenius equation to
the diffusion data26

D 5 D0exp~ 2 ED/RT! (10)

Figure 7 Water diffusion coefficients in PHB, at
40°C.

Figure 6 Diffusion analysis for a water sorption ex-
periment in PHB. Conditions: 40°C and 54.0% relative
humidity. The continuous and dotted lines correspond,
respectively, to the fittings of eqs. (7) and (8), as de-
scribed in the text.
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the thermodynamic parameters related to this
magnitude (the diffusional energy of activation
ED and the pre exponential factor) can be evalu-
ated at several concentrations. The results are
presented in Table III.

The increase of ED with the water concentra-
tion in the polymer can be interpreted in terms of
the difficulty associated with the movement of the
aggregates of water molecules through the poly-
mer matrix.18,36 The zero concentration value of
the energy of activation is very similar, although
slightly inferior, to the results for other commod-
ity thermoplastics, such as PVC (42 kJ/mol)24 and
PET (43.5 kJ/mol).23

PBV14 Case

The PBV14 sorption data obtained by the static
method are presented in Figure 5. These results
do not differ significantly from those of PHB. The
shift of the PBV14 data to higher values can be
most reasonably attributed to a slightly lower
degree of crystallinity than PHB, given the chem-
ical similarity existing between both polymers.

All the features depicted in the previous para-
graphs for the PHB-water system are, in princi-
ple, extensible to the case of PBV14. However,
some differences were found in the diffusion anal-
ysis. The representation of ln(1 2 Mt/Mmax) ver-
sus time [see eq. (8)] led to plots with two different
linear portions, from which two different diffusion
coefficients could be calculated. One example is
given in Figure 9. Although this behavior oc-
curred in all the experiments performed with
PBV14, in some of them, the second straight line
was not clear enough to obtain a confident diffu-
sion coefficient, especially in the experiments at
the two lowest water activities.

We have called D1 and D2 the diffusion coeffi-
cients corresponding to the first and the second
linear portions of the graphs. We have also calcu-
lated an over-all diffusion coefficient (DF) by fit-
ting the complete solution of Fick’s law [eq. (7)],
taking also a series term number of n 5 5. The fit
of this equation is shown in the same figure for
the same set of data. As can be observed, the
experimental data are not perfectly well fitted by
the curve generated using a single constant diffu-
sion coefficient. This situation corresponds to the
case of “two stage” sorption kinetics,38,39 which
can be an indication of minor structural changes
in the polymer accompanying the sorption pro-
cess. Fickian kinetics control the initial stages of
rapid water sorption, the process being character-
ized by a D1 diffusion coefficient. After a transi-
tion period, there follows a second stage that,

Figure 8 Water diffusion coefficients in PHB, at 30,
40, and 50°C, respectively.

Table III Thermodynamic Parameters for the
PHB/Water System

Concentration (g/100 g) ED (kJ/mol) D0 (cm2/s)

0.00 38.0 0.0335
0.15 38.5 0.0359
0.35 39.4 0.0425
0.50 40.2 0.0514

Figure 9 Diffusion analysis for a water sorption ex-
periment in PBV14. Conditions: 40°C and 84.3% rela-
tive humidity. The continuous and dotted lines corre-
spond, respectively, to the fittings of eqs. (7) and (8), as
described in the text.
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although having a small influence in the over-all
shape of the sorption curves (with the exception of
the experiment performed at 94% RH, not
shown), is clearly reflected in the change of slope
of the ln(1 2 Mt/Mmax) versus time plots. The
second stage is described by a D2 coefficient,
smaller than D1.

The values of D1, D2, and DF are plotted in
Figure 10 against concentration. The over-all co-
efficient DF takes a value close to D1, which illus-
trates the reduced relative importance of the pro-
cesses leading to a change in the diffusion coeffi-
cient, as compared with the Fickian contribution
to diffusion. D1 and DF are slightly higher than
the diffusion coefficients obtained for PHB at 40°,
being all of the same order of magnitude.

Long-Time Sorption Phenomena

As has already been explained, the static sorption
experiments were characterized by a weight loss
observed shortly after a maximum plateau was
reached. As will be shown, this effect proved to be
particularly significant at the highest relative hu-
midities applied, but not in the intermediate-to-
low range.

Some representative results obtained for PHB
at four relative humidities between 20 and 95%
RH and 40°C are shown in this section. The sam-
ple weight was recorded until the equilibrium in
the sorption process was reached. Blank runs
were also performed in the same conditions with
the sample pan empty to correct for the sorption
in the balance mechanism. The resulting water

sorption kinetics are plotted in Figure 11. As can
be seen in the figure, the maximum plateau tak-
ing place after the Fickian transient regime ap-
pears in this time scale as a sharp peak in all
cases. Additional tests performed with copolymer
samples revealed an identical sorption behavior.
It is worth considering that the data correspond-
ing to the maximum plateau define an upper limit
in the water sorption capacity of the polymer,
which can be of even more technological concern
than the lower equilibrium solubilities.

In Figure 12, the sorption data corresponding
to the maxima and the equilibrium are plotted
together with the PHB data already shown in

Figure 10 Water diffusion coefficients in PBV14, at
40°C.

Figure 11 Long-time sorption experiments in a PHB
film, at 40°C. The relative humidity at which each
experiment was performed is indicated in the figure.

Figure 12 Comparison between the equilibrium and
the maximum sorption data in PHB; the dotted line rep-
resents the PHB sorption results showed in Figure 5.

WATER TRANSPORT PROPERTIES IN PHB AND [P(HB-HV)] 463



Figure 5 for comparison. The percentage weight
loss (% WL) with respect to the maxima in the
sorption curves, calculated after

%WL 5 100 3 ~Mmax 2 M`!/Mmax (11)

(where Mmax and M` refer to the weight gain in
the maximum and in the equilibrium), is pre-
sented in Table IV. The average cluster sizes,
calculated after the PHB sorption data from Fig-
ure 5 (which were obtained in the same experi-
mental conditions as in the present case), are also
included in this table. Interestingly, the amount
of weight loss seems to correlate qualitatively
with the average cluster size in the maximum
plateau; that is, immediately before the weight
loss process becomes measurable: high degrees of
clustering are coincident with high weight losses.
These observations seem to suggest that, al-
though cluster formation is allowed during the
first sorption stages, the clusters tend to become
disaggregated during the course of the macromo-
lecular relaxations responsible for the weight
losses.

However, this picture raises the question of
why the dynamic experiments, leading to similar
sorption levels, do not show evidence of such pro-
cesses. The amount of nitrogen sorbed at 1 atm of
pressure is of the order of 1 milligram of gas in
100 grams of PHB; accordingly, it can be consid-
ered negligible if compared with the water sorp-
tion levels, particularly at the higher activities,
and seems to have little effect in the water sorp-
tion features. However, the speed of filling the
balance with water vapor seems to play a more
determining role in the present discussion. A
probable explanation could lie in the fact that in
the dynamic experiments, the final water activity
is reached relatively slowly, giving ample time for
the polymer chains to reach conformations consis-
tent with the presence of the water molecules
within the polymeric network.

PERMEATION EXPERIMENTS

The water vapor permeation through PHB and
P(HB-HV) films was measured in triplicate, using
fresh films, to check the reproducibility. The wa-
ter vapor transmission rate (WVTR), which is the
vapor mass flux normalized to the film thickness
and the water activity difference across the mem-
brane, was calculated from10

WVTR 5 8.64 3 105
Q 3 ,

A~1 2 aext!
(12)

where Q (g/s) is the slope of the straight part of
the permeated mass versus time plots, , (mm) is
the film thickness, A (cm2) is the exposed area of
the membrane, aext is the water activity in the
exterior of the permeation cell, and WVTR is
expressed in units of (g mm/m2 day). Table V lists
the WVTR data together with the standard devi-
ations of the measurements. These results seem
to indicate that, as in the case of sorption, the
permeability is essentially independent of the
3HV content of the copolymer, the differences ob-
served being probably attributable to small differ-
ences in the crystallinity of the samples. This
behavior has been mentioned in the literature,6

but without giving any quantitative information.
Finally, it may be of interest to compare the

results obtained from the sorption and perme-
ation experiments. As is well known, a permeabil-
ity coefficient can be calculated as the product of
the solubility and diffusion coefficients obtained
from sorption techniques.16 In principle, this re-
lationship applies to ideal systems in which these
coefficients are nonconcentration dependent;
however, a tentative estimation can be attempted
using the water/PHB sorption data. From the wa-
ter sorption and diffusion data in PHB at 30°C
and 0.66 activity (0.368 g/100 g and 6.78 1029

cm2/s, respectively); that is, in conditions equiva-
lent to those in the permeation experiments, a

Table V Water Vapor Transmission Rates
through PHB and P(HB-HV) at 30°C

% 3 HV
WVTR

(g mm/m2 day)
Standard
Deviation

0 1.16 0.08
8 0.92 0.03

14 1.39 0.19
24 1.22 0.12

Table IV Percentage Weight Loss (see Text)
and Average Cluster Size in PHB at 40°C and
Various Relative Humidities

Relative Humidity % WL 1 1 A1G11/V1

20.8 4 1.1
66.8 6 1.6
85.3 32 2.7
93.5 35 3.4
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value of 0.40 g mm/m2 day can easily be obtained.
Being of the same order of magnitude as the ex-
perimental value of 1.16 g mm/m2 day, it can be
stated that the agreement between the results
obtained from both techniques (sorption and per-
meation) is acceptably consistent.

DISCUSSION

In this section, the PHB sorption and diffusion
results are analyzed further to obtain a deeper
insight into the relationship between water and
poly(hydroxyalkanoates). We focus on the early
stages of the sorption process; that is, from time
zero until a constant weight is reached for a short
time, before subsequent weight losses. This pe-
riod of time is also of particular interest, because
the diffusion of the water molecules takes place
into an initially penetrant-free polymer. Modeling
is attempted to explain the clustering of the water
molecules in the polymer, an effect that has been
shown to influence the water transport properties
in several ways. Finally, the mobility coefficients
are introduced to give a new interpretation of the
diffusion features.

Sorption

The analysis of Zimm and Lundberg, together
with other results already presented in this work,
such as the concentration dependence of D, DHS,
ED, and the Flory–Huggins interaction parame-
ter, are consistent with the interpretation of the
sorption data in terms of the clustering or aggre-
gation of the sorbed molecules. This is usually
understood in terms of the pre eminence of wa-
ter–water over polymer–polymer interactions, in
particular H bond formation between water mol-
ecules.

The water clustering phenomenon has also
been interpreted as a random polycondensation
process in a relatively inert media.33,34,40,41 The
water molecule is treated as a monomer of the
A2B2 type, polymerizing via AB bond formation.
Further details about the model and its applica-
tion can be found in the cited works of Barrie; the
main assumptions and mathematical expressions
involved are reviewed next.

The concentration of monomeric water mole-
cules sorbed in the polymer (C1) after the poly-
condensation model is given by

C1 5
~k 2 K!4

16C3 (13)

where k 5 (K2 1 4KC)1/ 2, C is the over-all water
concentration, and K is the equilibrium constant
for breaking a hydrogen bond, given by the model
as K 5 (2

3)Csat. Csat stands for the saturation
concentration; that is, the total water sorption at
unity penetrant activity. Assuming that monomer
sorption is related to the applied water partial
pressure through Henry’s Law, then the final iso-
therm equation can be written as follows.

a 5
27
64

~k 2 K!4

kC3 (14)

The model also provides an estimation of the
mean cluster size, which is related to the mean
degree of polymerization (dp) as

Z 5 1/~1 2 2dp! (15)

where dp can be obtained from the relationship
dp 5 1 2 (C1/C)1/4.

Because an accurate determination of the sat-
uration concentration is experimentally difficult
by gravimetric means, the value of Csat has been
obtained as an adjustable parameter. Thus, eq.
(14) has been fitted to the sorption data by means
of a nonlinear regression analysis, and the Csat
value obtained in this way has been used to cal-
culate the concentration of free monomeric water
after eq. (13). The results of these calculations are
presented in Figure 13. The general agreement

Figure 13 Application of the polycondensation model
to PHB sorption data.

WATER TRANSPORT PROPERTIES IN PHB AND [P(HB-HV)] 465



between the model and the experimental data is
excellent up to a 95% relative humidity, espe-
cially if we take into account its mathematical
simplicity and the fact that it includes only an
adjustable constant parameter. The experimental
and calculated values for the average cluster size
are displayed in Table VI, again showing a rea-
sonable agreement between both sets of data.

It is of particular interest to consider the estima-
tion provided by the model for the concentration of
the free, “unclustered” water molecules. This con-
centration is relatively small when compared to the
total sorbed water, remaining always under a value
of 0.2 g/100 g. The shape of the C1 versus activity
curve does not follow the sharp upturn of the total
water concentration curve, which is generally seen
as a first indication of the existence of clustering
when found in moderately hydrophilic polymers.
This figure also indicates that most of the water
present in the polymer at high activities is sorbed in
the form of clusters, because C increases much more
drastically than C1 with activity.

The prediction of C1 provided by the polycon-
densation model also allows us to give an esti-
mate of the absolute number of clusters formed in
the polymer. We can define the quantity N(S) as
the total number of sorption sites per 100 grams
of polymer as

N~S! 5
NA

18
C

S1 1 A1

G11

V1
D (16)

where NA is the Avogadro number. N(S) means
the number of sites in the polymer where water
can be found, either as an isolated molecule or as
a cluster of any size. By subtracting the number of
monomeric water molecules present in the poly-
mer from N(S), we can obtain an estimation of
the number of sorption sites in which two or more

water molecules can be found; that is, the abso-
lute number of clusters:

N~Z! 5 N~S! 2
NA

18 C1 (17)

The results obtained for N(S) and N(Z) after
these simple equations are shown in Figure 14,
together with the average cluster size. As can be
seen in the figure, both the number of sorption
sites and the number of clusters increase almost
linearly from zero activity up to a roughly con-
stant value at solubilities over 0.3 g/100 g (or
activities over 0.5). It indicates that above this
value, no new sorption sites are created, neither
as clusters nor as isolated molecules, so that the
newly sorbed water molecules go preferentially to
the clusters formed at lower activities. Accordingly,
the sharp increment in the cluster size that takes
place above activity 0.5 is favored by the fact that
essentially no new clusters are formed in this range.

Table VI Application of the Polycondensation Model to the Water Clustering Analysis for the Water/
PHB System

Water Activity Cluster Size: Zimm and Lundberg Cluster Size: Polycondensation Model

0.21 1.1 1.1
0.35 1.1 1.3
0.54 1.2 1.5
0.68 1.6 1.8
0.75 2.1 2.0
0.84 2.7 2.4
0.94 3.4 3.4

Figure 14 Comparison between the estimations of
the number of sorption sites, N(S), the number of clus-
ters, N(Z), and the Zimm and Lundberg average clus-
ter sizes.
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Diffusion

A different interpretation of the diffusion features
can be devised by means of the study of the mo-
bility coefficient (L) of the diffusing species. As
pointed out by Crank,16,35 the diffusion coefficient
as usually obtained from Fick’s first law,

J 5 2D
dC
dx (18)

is complicated by the presence of a mass flow
effect that overlaps the true diffusion resulting
from random molecular motions. Accordingly,
new coefficients were defined, such as the intrin-
sic diffusion coefficient, related to the rate of mass
transfer across a hypothetical section that moves
so that no mass flow takes place through it, or the
self-diffusion coefficients, measured under condi-
tions in which no mass flow occurs by using ra-
dioactively labeled molecules.

An alternative approach to the study of the
contribution of the true molecular motions to the
diffusivity is the definition of the mobility factor.
This subject has been addressed by several au-
thors.30,40,42 If the penetrant mass flux ( J) is
written in terms of the thermodynamic driving
force, the chemical potential gradient, Fick’s law
becomes for a unidimensional flux26

J 5 2$
dm

dx (19)

where the element of proportionality is the ther-
modynamic diffusion coefficient, $. By substitut-
ing the chemical potential differential after dm
5 RTd ln a, and comparing eqs. (18) and (19), we
find the relationship between the experimental
and thermodynamic diffusion coefficients:

D 5 $RT
­ ln a

­C (20)

which can be rewritten as

D 5
$RT

C S ­ ln a
­ ln CD 5 La (21)

In this manner, the apparent diffusion coeffi-
cient is separated into two different contribu-
tions.42 The thermodynamic factor a has a mag-
nitude related to the variation of the thermody-
namic driving force of the diffusive process; that

is, the gradient of the chemical potential. On the
other hand, the term $RT/C represents the pen-
etrant mobility (L), which has a purely kinetic
meaning and is determined by the local frequen-
cies of molecular motions and frictional interac-
tions.30 All these quantities are plotted in Figure 15.

Given the shape of the thermodynamic factor
curve, its influence on the magnitude of D be-
comes evident. After this contribution is elimi-
nated from the diffusion coefficient, the resulting
mobility shows a very different behavior: the mo-
notonous decrease of D appears now as a curve
with a maximum and a less pronounced descent
with C. The shape of the L versus C curve can be
qualitatively analyzed under the light of the ex-
istence of two competing effects. In the free vol-
ume theory of diffusion, the mobility coefficient,
as defined in eq. (21), can be expressed by26:

L 5 ART exp~ 2 B/f! (22)

where f is the fractional free volume, B is a pa-
rameter that has been interpreted as the critical
hole size for a diffusional jump, and A is also a
parameter of the system. The existence of a pen-
etrant-induced plasticization effect at intermedi-
ate concentrations might be responsible for the
increase in mobility in this range, via an incre-
ment in the free volume of the polymer. At higher
concentrations, clustering becomes predominant,
so that the resulting mobility is reduced because
of the increased critical hole size required for the
movement of the polymolecular entities (clusters).

Figure 15 Concentration dependence of the PHB dif-
fusion coefficient (D), mobility coefficient (L), and ther-
modynamic factor (a).
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CONCLUSIONS

Water transport properties have been investigated
for PHB and P(HB-HV), a family of fully biodegrad-
able polymers with the added value of having a pure
biological, non-oil-dependent, synthetic origin.

From the results presented in this work, it can
be considered that PHB and its hydroxyvalerate
copolymers offer a good barrier against water va-
por transmission. Their water transport proper-
ties are similar to those of other conventional
thermoplastics of moderate hydrophobicity, such
as PVC and PET. These features, together with
those of hydrolysis resistance and nonswelling in
presence of water, make poly(3-hydroxyalkano-
ates) a class with a unique combination of prop-
erties among the more traditional biodegradable
polymers, with a promising future facing the devel-
opment of practical applications in several fields.
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