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ABSTRACT: Thermal and transport properties of some
polyhydroxyalkanoates (PHAs), poly-3- hydroxybutyrate
and poly-3-hydroxybutyrate-co-3-hydroxyvalerate copoly-
mers at different concentrations (8, 14, and 22%), were stud-
ied by using photoacoustic and photothermal techniques.
Mass diffusion coefficients were obtained for carbon dioxide
and oxygen by using a gas analyzer. Specific heat capacity
measurements were performed by monitoring temperature
of the samples under white light illumination against time.
Thermal diffusivities were determined by using the open

photoacoustic cell configuration. The results were discussed
considering the incorporation of hydroxyvalerate units in
the poly(3-hydroxybutyrate) unit cell and were correlated
with atomic force microscopy images of the upper surface of
membranes. New information on transport properties of
PHAs is provided. © 2005 Wiley Periodicals, Inc. ] Appl Polym Sci
97: 1491-1497, 2005
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INTRODUCTION

Photoacoustic (PA) spectroscopy and related photo-
thermal techniques are well-established techniques.
They are based on the generation of heat as a result of
absorption of a modulating radiation."” For character-
ization of materials, photothermal techniques are a
powerful tool. Some applications that should be men-
tioned are determination of thermal properties of ce-
ramics® and polymers,* study of vapor diffusion in
air,® and recently, determination of diffusion coeffi-
cients in polymers.® Advantages of PA and photother-
mal techniques include their simplicity, requirement
of minimal sample preparation, high sensitivity, and
applicability to a wide range of materials, including
biological specimens.”
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Measurement of the transport of gases and vapors
in polymers is an important subject from both a tech-
nological and a scientific point of view. Applications
include protective coatings, packing materials for food
and beverages, and selective barriers for gas or liquid
mixtures.® Some examples of experimental methods
presented in the literature for measuring permeability
and diffusion coefficients in polymers are gravimetric
methods,” FTIR,'® UV fluorescence,'! and electro-
chemical techniques.'?

Poly-3-hydroxybutyrate (PHB) and poly-3-hydroxy-
butyrate-co-3-hydroxyvalerate (PHB-co-HV) are mem-
bers of a family of thermoplastic polyesters obtainable
from renewable resources such as glucose and propi-
onic acid through bacterial activity.'® They seem to be
very suitable for application in the food (plastic pack-
ages) and drug industry (controlled release of phar-
maceuticals),'* areas for which the studies of transport
of gases and vapors are crucial. This theme was con-
templated in some works in the literature such as the
study of water, carbon dioxide, and vapor permeation
using gravimetric techniques,'”'® effect of membrane
preparation on its transport properties,'” and synthe-
sis of membranes for ultrafiltration.'®
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The present work intends to offer new knowledge
about short-chain polyhydroxyalkanoate dense mem-
branes, studying its diffusion coefficients to oxygen
and carbon dioxide and their thermal properties using
photoacoustic techniques. The results are correlated
with topographic AFM images and surface analysis
data.

EXPERIMENTAL
Sample preparation

Polymers used in this study were PHB and three
copolymers, with nominal content of 3-hydroxyvaler-
ate (3HV) of 8, 14, and 22%, all purchased from Al-
drich Chemical Co., Inc. (Milwaukee, WI) They were
first purified by dissolution in chloroform and precip-
itation in methanol. Dense films of polymers were
prepared by casting chloroform solution (1% m/m) in
a 15 X 22 cm glass plate. Evaporation took place in a
closed glass chamber at 20°C. The chamber had a
small outlet (1 cm) to control the vapor solvent flow
into air. These procedures impose a careful control of
evaporation to obtain a homogeneous dense film. Af-
ter complete evaporation of solvent, each film was
stored at atmospheric conditions for 24 h to the com-
plete crystallization process. Film thickness was ob-
tained from an average of 20 measurements. Films
with a thickness of 60 um were chosen to perform the
measurements.

X-ray diffraction

Membranes crystallinity studies were performed by
wide-angle X-ray diffraction. A Seifert-FPM model
URD65 X-ray generator with a Ni filter to provide
CuK,, radiation was used. Every scan was recorded in
the range of 26 from 5° to 40° with an exposure time of
10 s. Crystalline and amorphous regions of the diffrac-
togram were fitted to Gaussians and crystallinity de-
gree was calculated from the ratio of areas corre-
sponding to these regions.

Thermal analysis

Membranes were thermally analyzed in a differential
scanning calorimeter (DSC 2010, TA Instruments). In-
dium was used as calibration reference. Samples of 10
mg were encapsulated in aluminum pans and heated
from —90 to 190°C at 20°C min . Glass transition,
melting temperature, and enthalpy of fusion were de-
termined.

Mass diffusion coefficient measurements

The experimental setup applied for mass diffusion
coefficient measurements consists of two chambers
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sealed off one from another by the analyzed mem-
brane. The permeate gas in the study (oxygen and
carbon dioxide) was introduced on one side and kept
at a constant pressure of 4.9 Pa by means of a needle
valve. The concentration of the diffused gas into the
second chamber was measured by using a photo-
acoustic gas analyzer (URAS 14 from ABB) for carbon
dioxide and an analyzer based on the paramagnetic
properties of oxygen (Magnos 16 from ABB), both
interfaced to a computer for data acquisition. Assum-
ing Fick’s model for mass diffusion, the time evolution
for the permeate concentration in the analysis cham-
ber is given by®

C=Cy(l—e'™) )

where C, is the gas concentration at saturation regime,
m» = 1;>/2D is the gas diffusion time, D is the gas
diffusion coefficient, and I, is the sample thickness.
Thus, by monitoring the time evolution of the gas
concentration, the gas diffusion time, 7, was deter-
mined and, then, the diffusion coefficient D. All ex-
periments were carried out at 25°C.

Heat capacity measurement

The heat capacity per unit of volume, pc, was mea-
sured by using the temperature rise method under
continuous white-light illumination. Samples were
painted on both surfaces with a very thin film of black
paint and were adiabatically suspended in a Dewar
flask, which was subsequently vacuum-sealed (~ 10>
Pa). Under these conditions, the main heat-loss mech-
anism takes place by radiation. The Dewar flask has an
entrance glass window through which the continuous
white-light beam was focused onto one of the sample
surfaces. A thermocouple was attached on the oppo-
site surface by using thermal paste. In this way, the
temperature evolution of the back surface could be
monitored as a function of time. The rear surface
temperature rise is given by'’

AT = (Iy7/1pc,)(1 — e /7 2)

where I, is the intensity of the incident light and
= L,pc,/(2H) is the rise temperature time, H = 40T}’ is
the radiative heat-transfer coefficient, where o is the
Stefan—Boltzmann constant and T}, is the ambient tem-
perature. The parameter 7, from which the specific
heat capacity is determined, fits the exponential data
with eq. (2).

Thermal diffusivity

The thermal diffusivity, «,, was measured by using the
PA technique. This technique looks directly at the heat
generated in a sample, due to thermal relaxation pro-
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TABLE I
Crystallinity and Thermal Parameters Obtained for PHAs
Glass transition Melting

temperature temperature Enthalpy of Crystallinity
Sample (°C) (°O) fusion (J/g) (%)
PHB 24 176 101.5 64
P(HB-8%HV) -11 159 142.4 62
P(HB-14%HYV) —4.0 151 42.6 61
P(HB-22%HYV) —4.38 158 249 59

cess, following the absorption of light. Among several
techniques, the open photoacoustic cell (OPC) method
was used. It consists of mounting the samples directly
onto a cylindrical electret microphone and using the
front air chamber of the microphone itself as the usual
gas chamber of conventional photoacoustics. Further
details of the experimental arrangement used can be
found in the literature.'?

For solid samples, three different mechanisms,
which are responsible for the photoacoustic signal,
typically exist; thermal diffusion, thermal expansion,
and thermolelastic bending.! In the case of our sam-
ples, the thermolelastic mechanism is dominant. Ther-
mal diffusivity was obtained from the fitting of exper-
imental phase data to the following expression, valid
when the thermoelastic sample bending is the domi-
nant contribution to the PA signal:

b=, + arctan(xi1> (3)

where x = I, = I(mf/ a)"/?, I is the sample thickness,
and « is its thermal diffusivity. In the derivation of eq.
(3), it is assumed that the sample is optically opaque
and that the heat flux into the surrounding air is
negligible. The implicit optical opaqueness condition
was ensured by the use of a thin circular absorbing Al
foil (14-pm-thick and 5-mm-diameter) attached to the
front surface of the sample using a thin layer of vac-
uum grease. The thermal diffusion time in this Al foil
is about 13.6 us so that the heat generated in the thin
Al absorber can be assumed to be instantaneously
transmitted to the sample.

To complete sample thermal characterization,
knowing «, and pc,, sample thermal conductivity, k, is
readily obtained from the equation

k= a.pc, (4)

AFM images

To characterize membrane morphology previously to
gas diffusion experiments, topographic atomic force
microscopy (AFM) images of the upper surface of
membranes were obtained by using a multimode

scanning probe microscope with a nanoscope Illa con-
troller supplied from Digital Instruments (USA). Tap-
ping mode of operation was used to eliminate shear
forces that may damage the membranes and reduce
the image resolution. Images were undertaken in air at
25°C.

RESULTS AND DISCUSSION
Crystallinity and thermal analysis

Table I presents the values obtained for membrane
crystallinity and values of glass transition, melting
temperature, and enthalpy of fusion obtained from the
DSC measurements. As the hydroxyvalerate content
increases, crystallinity tends to decrease slightly, as a
consequence of the greater difficulty to accommodate
polymer chains in the crystalline phase due to the
presence of the ethyl group in the monomer hydroxy-
valerate. Thermal parameters also decrease, reflecting
a lower crystallization rate and the existence of irreg-
ular and complex crystals.

Mass diffusion coefficients

In Figure 1(a,b), the gas concentration in the analyzer
chamber is presented as a function of time for CO, and
O,, respectively. Gas concentration increases asymp-
totically, reaching a saturation threshold. The solid
lines in these figures represent the best fit of experi-
mental data using eq. (1). This fitting allowed the
determination of the characteristic mass diffusion
time, 7, and then the diffusion coefficients of the
membranes. A typical CO, mass diffusion coefficient
value of 1 X 10”7 cm?/s was found for PHB. Figure
2(a) shows the four different samples characterized in
this work and their respective values of diffusion co-
efficient.

Figure 2(a) also compares carbon dioxide diffusion
coefficients obtained in this work with those obtained
in a previous work'® (cross symbols) using conven-
tional gravimetric techniques for membranes pre-
pared under similar conditions. Both results indicate
the same tendency, therefore, validating the method-
ology employed here. Applying a similar procedure of
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Figure 1 Concentration evolution for (a) CO, and (b) O,.
The solid line represents the best fit of the experimental data
to eq.(1) using 7 as an adjustable parameter.

analysis, in Figure 2(b), oxygen diffusion coefficients
are plotted as a function of hydroxyvalerate concen-
tration. It can be noted that these coefficients increase
for polymers with higher hydroxyvalerate contents,
reflecting the slight decrease in crystallinity as dis-
cussed above for these polymers.

Thermal properties

In Figure 3(a), the increasing time evolution of tem-
perature for the copolymer P(HB-14%HV) sample af-
ter establishment of sample illumination and time
evolution during cooling, when the illumination is
switched off, are shown. The solid lines represent the
best fit of experimental data using eq. (2) by using 7 as
an adjustable parameter, from which the values of
specific thermal capacity can be obtained.

In Figure 3(b), values of specific heat capacity are
plotted as a function of hydroxyvalerate concentra-
tion. There is a nearly linear decreased tendency of
heat capacity with the hydroxyvalerate concentration.
It is already known that the incorporation of hydroxy-
valerate in the crystalline unit cell of PHB occurs with-
out changes in the crystalline phase density and with
a linear decrease in amorphous phase density.” Thus,
the heat capacity behavior with the hydroxyvalerate
concentration reflects the reduction of the amorphous
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phase density. However, in view of the magnitude of
specific heat capacity diminishing (almost 35%), it is
likely that other factors may be contributing. An ad-
ditional interpretation would take into account the
presence of air in the free volume of the polymers.
Considering the results of oxygen and carbon dioxide
mass diffusion [Figs. 2(a, b)], it is reasonable to assume
that air solubility of samples grows with increasing
hydroxyvalerate concentration. As air-specific heat ca-
pacity is 1.17 X 1072 J ecm > K™, three orders of
magnitude lower than the values in the typical range
of polymers, therefore, air could, under these condi-
tions, contribute to a stronger reduction in heat capac-
ity values.

Measurements of the dependence of the photoacoustic
signal on the modulation frequency (not shown) show
for all studied samples a signal amplitude variation close
to f!. This feature supports the finding that the ther-
moelastic sample bending is the dominant mechanism
for the acoustic signal generation.* In Figure 4(a), PA
signal phase data as a function of modulation frequency
for the P(HB- 8% HV) sample are shown. The solid curve
in this figure corresponds to the experimental data fitting
[eq. (3)], with an error of 5%. The same procedure was
applied to the others samples.

Figure 4(b) shows that the thermal diffusivity val-
ues increase with increasing hydroxyvalerate concen-
tration, reaching a saturation threshold at ~ 1.7 X 10>
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Figure 2 Mass diffusion coefficient as a function of the
hydroxyvalerate concentration: (a) for CO, (filled squares)
and compared with those reported previously'® (cross sym-
bols) and (b) for oxygen.



PHOTOTHERMAL METHODS APPLIED TO DENSE MEMBRANES 1495

w
&
T
-
L

&
E

302 -

300

Temperature (K)

288

g e T -.n.'-.',,.’ﬁ"

296

50 100 150 200 250 300
Time(s)

=13

44

(b)
40}

32

28F [

2.4}

1 I

0 8 14 22
HV Concentration (%)

Specific Heat Capacity (J cm K™

Figure 3 (a) Time evolution of the temperature on the back
surface of the sample. The solid lines represent the best fit of
the experimental data applying eq. (2), used as an adjustable
parameter. (b) The dependence of the specific heat capacity
on the concentration of hydroxyvalerate.

cm?/s. These values are slightly higher than those
reported by previous authors,”! who also observed the
tendency for saturation of thermal diffusivity. The
differences can be attributed to the sample prepara-
tion procedure. For PHB, the order of magnitude of its
thermal diffusivity (107* cm?/s) agrees with its al-
ready reported piezoelectric properties.” Likewise, in
the discussion developed for heat capacity, these re-
sults can be discussed considering that the presence of
air in the free volume inside the polymers should be
responsible for the increase of thermal diffusivity. This
effect is justified by the thermal diffusivity of air (0.22
cm?/s), which is at least two orders of magnitude
higher than those obtained for polymers. Adding to
this, the increase of distances among polymer chains
in the amorphous phase decreases thermal diffusivity,
as observed by some authors,” and thus may com-
pensate the influence of air, generating the saturation
effect observed in Figure 4(b). The fitting of experi-
mental data to an exponential growing function led to
an empirical relation between thermal diffusivity and
hydroxyvalerate concentration in the range of 0-22%
as follows:

a =0.00166 — 0.0013¢ H"/5652 )
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Figure 4 (a) Dependence of the phase of the photoacoustic
signal on the modulation frequency. Each solid line repre-
sents the best fit of eq. (3), using 7 as the thermal diffusion
coefficient as adjustable parameter. (b) The thermal diffusiv-
ity as a function of the concentration of hydroxyvalerate.

Thermal conductivity of samples, calculated from the
values of thermal diffusivity and specific heat capacity
[eq. (4)], is presented in Figure 5. The behavior is
similar to that observed for thermal diffusivity and
can be interpreted in the same way. Table II summa-
rizes experimental results for thermal and transport
characterization of samples.
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Figure 5 The thermal conductivity dependence on the con-
centration of hydroxyvalerate.
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TABLE II
Mass Diffusion Coefficients and Thermal Properties of Membranes
Specific heat
Thermal diffusivity capacity Thermal conductivity Do, Dco,

Sample (X103 cm?/s) (J/em® K) (X1073 W/cm? K) (X1077 cm?/s) (X107% cm?/s)
PHB 0.36 = 0.02 3.98 =£0.20 1.42 = 0.14 0.43 = 0.02 0.98 = 0,05
P(HB-8%HYV) 1.29 = 0.06 3.43 *0.17 442 =04 0.68 = 0.03 1.04 = 0.05
P(HB-14%HYV) 1.65 £ 0.07 2.71 =0.14 447 £ 05 1.25 £ 0.06 2.73 =0.14
P(HB-22%HV) 1.57 = 0.07 2.65*0.13 416 =04 194 £0.1 1.75 = 0.09

AFM images

Figure 6 shows AFM topographic images of the upper
surface of membranes studied. A rough surface with
topographic highs and reliefs can be identified, which
is similar to the morphology described in literature for
membranes prepared by spin coating using scanning
electron microscopy (SEM).'®?* From Figure 6, it can

L P(HB-14%HV)

@

_ P(HB-22%HV)

Figure 6 AFM topographic images of the upper surface of
the membranes.

also be observed that as hydroxyvalerate concentra-
tion increases, so does the size of depressions, and
their number decrease. To analyze these differences in
a quantitative way, the following roughness parame-
ters of the images were calculated using the AFM
software program:

1. The difference between the highest and the low-
est points within the given area, z;

2. The standard deviation of the z values within the
given area, Rq;

3. The mean roughness, R,.

Table III summarizes the roughness parameters of
the membranes. All parameters increase with hy-
droxyvalerate concentration. If compared to the re-
sults of diffusion coefficient, it can be observed that
the increase of roughness parameters corresponds to
an increase of diffusion coefficients. This fact agrees
with the observations of some authors® in the study
of water permeability and surface morphology of cel-
lulose acetate membranes and evidences the intrinsic
relation between membrane transport properties and
their morphology.

CONCLUSION

In this article, we have reported on the measurements
of the thermal and sorption properties of polyhy-
droxyalkanoates films prepared by casting using the
PA techniques. The results demonstrate the sensitive-
ness of thermal properties to the internal structure of
the material and allowed the establishment of empir-
ical relations between thermal properties and 3-hy-
droxyvalerate content. Morphology observed in AFM

TABLE III
Roughness Parameters of Membranes
Sample R, (pm) R, (um) z (wm)
PHB 0.18 0.15 1.30
P(HB-8%HV) 0.64 043 3.65
P(HB-14%HYV) 0.81 0.80 4.24
P(HB-22%HYV) 0.60 0.55 4.48
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images and values of roughness parameters demon-
strated good agreement with gas diffusion results.

The authors thank Brazilian agencies CAPES, FAPER], and
CNPq for financial support of this work.
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