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a b s t r a c t

A continuous supercritical carbon dioxide (sc CO2) assisted extrusion process has been
used to prepare poly(3 hydroxybutyrate co 3 hydroxyvalerate) PHBV/organo clays nano
biocomposite foams by two methods: a one step method based on the direct foaming of
physical PHBV/clays mixtures, and a two step method based on the foaming of extruded
PHBV/clays mixtures prepared beforehand by twin screw extrusion. The structures
obtained have been characterized in terms of clay dispersion, matrix crystallization, poros
ity and pore size distribution and pore density. The influence of processing conditions as
temperature, pressure, CO2 mass fraction and the clays/foaming interrelationships have
been elucidated. It was shown that the prior preparation of a masterbatch by twin screw
extrusion and its dilution during the foaming process is a necessary step to improve clay
dispersion without extensive thermal degradation of PHBV. By controlling the sc CO2 mass
fraction in a narrow window, good clay dispersion appears to favour homogeneous
nucleation while limiting the coalescence of the pores, and hence allowed to obtain
nano biocomposite foams with better homogeneity and higher porosity up to 50%.

1. Introduction

Bio based polymers like polyhydroxyalkanoates (PHAs)
are marketed as eco friendly alternatives to the currently
widespread non degradable oil based thermoplastics, due
to their natural and renewable origin, their biodegradabil
ity and biocompatibility. PHAs are biopolyesters made of

different types and amounts of HAs. They are synthesized
by microorganisms from various carbon sources as an
intracellular carbon and energy stock. Poly 3 hydroxybuty
rate (PHB) was the first member of this bio based polymer
group to be discovered, and has been the most widely
studied PHA [1]. Its properties are similar to various syn
thetic thermoplastics like polypropylene and hence it can
be used alternatively in several applications, especially
for agriculture, packaging but also biomedicine where bio
degradability and biocompatibility are at stake. However,
some drawbacks have prevented its introduction to the
market as an effective alternative to the oil based thermo
plastics. In particular, PHB is indeed brittle and presents a
slow crystallization rate and a poor thermal stability,
which makes it difficult to process [2 5].

⇑ Corresponding authors. Tel.: +33 (0)4 66 78 53 02; fax: +33 (0)4 66 78
53 65 (N. Le Moigne). Tel.: +33 5 63 49 33 18; fax: +33 5 63 49 30 25 (M.
Sauceau).

E-mail addresses: Nicolas.Le Moigne@mines ales.fr (N. Le Moigne),
Martial.Sauceau@mines albi.fr (M. Sauceau).

1 C2MA is member of the European Polysaccharide Network of Excel
lence (EPNOE), www.epnoe.eu.



In order to control the PHB properties, several kinds of
PHAs copolymers have been described in the literature
such as the poly(3 hydroxybutyrate co 3 hydroxyvaler
ate) (PHBV) with various hydroxyvalerate (HV) contents
and molecular weights, which present better mechanical
properties, lower melting temperature and an extended
processing window [6]. Improved properties can be also
obtained by the addition of nanoparticles such as clays.
Indeed, clay minerals present high aspect ratio and specific
surface, and can be dispersed in small amounts in polymer
matrices to prepare nanocomposites with improved ther
mal stability, mechanical properties or barrier properties
[7]. Several studies have been achieved on the preparation
and the characterization of PHBV/clay systems. One of the
key parameters is the quality of the clay dispersion that
can be controlled by the elaboration route either the sol
vent intercalation, the in situ intercalation or the melt
intercalation; the latter being preferred for a sustainable
development since it limits the use of organic solvents
[2]. The melt intercalation route is usually achieved by
twin screw extrusion and the processing conditions are
of great importance. The screw profile, the feed rate, the
screw speed, the operating temperatures as well as the
mixing sequences, i.e. direct mixing or dilution of master
batches, influence greatly the quality of the clay dispersion
[8,9]. The organomodifiers inserted in clays interlayer
spaces to improve polymer/clay affinity and the polymer
chains intercalation have a strong influence on the disper
sion but also to catalyse the PHBV degradation during pro
cessing [6,10].

The use of supercritical fluids has recently appeared as
an innovative way to improve clay dispersion leading to
new ‘‘clean and environment friendly’’ processes. Supercrit
ical carbon dioxide (sc CO2) is often used because it is non
toxic, non flammable, chemically inert, and its supercritical
conditions are easily reached [11]. Sc CO2 has also more
favourable interaction with polymers compared to other
inert gases and it has the ability to dissolve in large quanti
ties and to act as a plasticizer, which modify drastically
polymer properties (viscosity, interfacial tension, etc.). In
addition, the dissolved sc CO2 can act as a foaming agent
during processing [12]. It is therefore possible to master
pore generation and growth by controlling the operating
conditions [13], and to generate low density porous struc
tures of interest for lighter packaging or as carriers of active
ingredients, e.g. for drug release applications. PHB and its
copolymers have already exhibited good compatibility with
sc CO2. The solubility of PHB in supercritical carbon dioxide
can reach several g/L [14] and a high sorption degree can be
achieved [15]. Moreover, the authors have shown that an
increase from 8% to 12% of the HV content in the copolymer
results in an increase in the sorption degree because HV
blocks induce higher molecular mobility.

All these features make sc CO2 also able to modify the
nanoparticles dispersion inside polymer matrices, which
in turn has an effect on the foam structure. Improved disper
sion of clays and modified porous structures have been
obtained with sc CO2, mainly in batch processes via the
in situ intercalation method, with various nanocomposite
systems such as polydimethysiloxane (PDMS)/clays [16],
polystyrene (PS)/clays [17] and recently polylactic acid

(PLA)/clays [18]. As an alternative to batch processes, con
tinuous processes such as sc CO2 assisted extrusion or injec
tion are very promising since they are more easily adaptable
for an industrial scale up. Incorporating sc CO2 in continu
ous processes is also of great interest because its plasticiza
tion capacity decreases the viscosity of molten polymers
and allows to limit the mechanical stresses and the operat
ing temperatures during processing [13]. This is particularly
interesting for polymers having a limited thermal stability
as biopolyester. For instance, it has been shown that the
melting temperature of PHB and PHBV decrease respec
tively from 178 to 151 "C and from 171 to 137 "C for pres
sures up to 35 MPa [19]. In the same work, melt
processing of PHB and PHBV, which are prone to thermal
degradation upon melting in ambient atmosphere, was
achievable without degradation in CO2 medium. The inter
actions with other polymers could also been modified by
the presence of sc CO2. Jenkins et al. [20] have studied the
PHBV PCL blend system by the use of mechanical blending
in the presence of supercritical CO2. They showed that
PHBV PCL blends produced by mechanical means were
immiscible and degraded, whereas the same blends
produced using supercritical methods were found to be mis
cible over the lower wt% PHBV compositions and less
degraded.

Recently, efforts have been made to produce high
expanded PLA foams from sc CO2 assisted extrusion [21
24]. A growing number of studies also reported on the
preparation of nanocomposites systems with clays nano
particles by sc CO2 assisted continuous processes. Differ
ent processing methods were used e.g. two step
extrusion process [25 27], sc CO2 assisted single screw
extrusion [28], single screw extrusion with prior prepara
tion of exfoliated nanocomposites by in situ polymeriza
tion [29] or the injection of sc CO2/clays mixtures in the
extruder [30]. In most cases, the authors obtained an
increased cell density, a smaller cell size and improved
performances with exfoliated nanocomposite foams. More
recently, the effect of nanoclay on the foamability of PLA
was investigated [31,32]. The results showed that both
the cell density and the expansion ratio were greatly pro
moted with increased clay content. Zhao et al. [33,34] have
investigated the possibility to use a supercritical nitrogen
(sc N2) assisted injection molding process to develop
microcellular PLA/PHBV clay nanocomposites. The results
showed a decrease of the average cell size and an increased
cell density with the addition of clays in PLA/PHBV blends.
Rheological behaviour of the PLA/PHBV/clays nanocompos
ites suggests a good dispersion of the clays within the
matrix. Javadi et al. [35] have also used sc N2 to foam
PHBV poly (butylene adipate co terephthalate) (PBAT)
hyperbranched polymer (HBP) nanoclay (NC). Microcellu
lar nanocomposites exhibited a mixture of exfoliated and
intercalated structures. Moreover, dispersed clays
improved the thermal stability, reduced the cell size and
increased the cell density of the foams.

Structuring bio based polymers such as PHAs by effi
cient and environmental friendly processes thus appears
as a key issue towards new applications. Of particular inter
est are supercritical CO2 assisted processes, which are able
to modify the behaviour of polymeric materials from the



macromolecular level (plasticization, crystallization kinet
ics) to the microstructural level (generation of porous struc
tures through nucleation/growth phenomena). In this
study, we have developed a continuous supercritical CO2

assisted extrusion process to foam PHBV/clay nano bio
composites, and the effects of clays and processing routes
and conditions on foam structures are investigated. The dis
persion of the clays and the foaming of the PHBV matrix
were achieved by two processing methods: a one step
method based on the direct foaming of physical PHBV/clays
mixtures, and a two step method based on the foaming of
PHBV/clays mixtures prepared beforehand by twin screw
extrusion. At first, the structure and rheological behaviour
of PHBV/clays extruded mixtures prepared by twin screw
extrusion are characterized. These results are then used to
produce and compare nano biocomposite foams based on
the two processing methods of clay incorporation. The
resulting structures are characterized and the influence of
the operating conditions and the clays/foaming interrela
tionships are discussed.

2. Materials and methods

2.1. Materials

PHBV produced by bacterial fermentation with a HV con
tent of 13% w/w, nucleated and plasticized with 10% of a
copolyester was purchased from Biomer (Germany). It is a
semi crystalline polymer with a glass transition tempera
ture of 5 "C and a melting temperature with two peaks at
153 and 162 "C. The weight average molecular weight is
Mw = 600 kDa. The clay used is a Cloisite C30B (C30B) pro
duced by Southern Clay Products, Inc. (USA). It is a montmo
rillonite (MMT) organo modified by a quaternary
ammonium salt, i.e. tallow alkyl bis(2 hydroxyethyl)
methylammonium chloride, with a cation exchange capac
ity of 90 meq/100 g. The tallow alkyl is a mixture that con
tains 65% of C18, 30% of C16, and 5% of C14 alkyl chains.
C30B presents a moisture content <3% and a weight loss
on ignition of 30%. To limit hydrolysis of PHBV upon process
ing, C30B and PHBV were dried before use at 80 "C overnight
and 4 h, respectively.

2.2. Preparation of PHBV/C30B extruded mixtures (EX)

PHBV based nanocomposites containing 2.5% w/w
C30B, noted PHBV/2.5% C30B (EX), and PHBV based mast
erbatches containing 10%, 20% w/w C30B, noted PHBV/
10% and 20% C30B (EX), were prepared by melt intercala
tion using a co rotating twin screw extruder BC21 (Clex
tral, France) having a length of 1200 mm, a screw
diameter of 25 mm and a L/D (length to diameter ratio)
of 48. The twin screw profile used is presented in Fig. 1.

As shown in Fig. 1, a parabolic temperature profile was
used to limit thermal degradation of PHBV taking into
account the HV content [36 38]. C30B clays were intro
duced in zone 4, the overall feed rate was 4 kg/h and the
screw speed was 250 rpm. The mixing and the dispersion
of the C30B clays within the PHBV matrix are ensured by
two kneading sections with stagger angles between the

kneading paddles of 45" and 90" in zones 6 and 9, respec
tively. Extrudates were water cooled at ambient tempera
ture, then pelletized in line to 3 mm diameter and dried
overnight at 50 "C under vacuum (10 kPa). About 2.5 kg
of granules were collected for each batch. For comparison,
pure PHBV was also processed and analyzed in the same
conditions.

All the batches were also moulded by injection with a
Krauss Maffei KM 50 180 CX into test specimens. The bar
rel to die temperature profile was 40 165 "C with a screw
speed of 50 rpm. Samples were maintained at 12 MPa then
cooled down during 30 s at 25 "C. PHBV based masterbat
ches containing 10%, 20% w/w C30B were diluted to 2.5%
w/w C30B, noted PHBV/2.5% C30B dil. 10% and 20% (EX),
in the injection molding machine to analyze the effect of
the dilution on the nanocomposite structures and proper
ties. As will be shown in the following, the composites
from the dilution of the 20% w/w C30B masterbatch to
2.5% w/w C30B, gave similar clay dispersion and limited
thermal degradation as compared to the PHBV based nano
composites containing 2.5% w/w C30B. This dilution proce
dure was thus used to produce nanocomposite foams by
sc CO2 assisted extrusion.

2.3. Preparation of PHBV/C30B physical mixtures (PM)

In addition to extruded mixtures, physical mixtures of
PHBV pellets with 2.5% w/w of C30B, noted PHBV/2.5%
C30B (PM), were prepared with a simple manual batch
mixing. Fig. 2a shows the kinetics of triboelectrification
of PHBV and C30B as a function of rotation time measured
by placing a mixture of both components in a stainless
steel rotative drum for 10 min (Faraday cage linked to
Keithley 6514 electrometer). PHBV exhibits a negative
electrification whereas C30B exhibits almost no electrifica
tion. When both components are mixed during more than
5 min, the mixture behaves like C30B, which is a clear indi
cation that PHBV pellets are coated by C30B particles. This
was confirmed by scanning electron microscopy (SEM)
observations (Fig. 2b and c). These physical mixtures of
PHBV pellets/2.5% C30B were then directly foamed by sc
CO2 assisted extrusion.

2.4. Foaming by sc CO2 assisted extrusion

Fig. 3 shows the experimental set up. This process has
been already used and described in previous works by
Fages and co workers to produce foams of a pharmaceuti
cal polymer named Eudragit [12] and foams of PHBV [39].
The single screw extruder (Rheoscam, Scamex, France) has
a screw diameter of 30 mm and a length to diameter ratio
(L/D) of 37. The screw is divided into four parts. The length
to diameter ratio is of 20 for the first one, 7.5 for the two
following ones and 2 for the last one. Between each part,
a restriction ring has been fitted out in order to obtain a
dynamic gastight, which prevents sc CO2 from backflow
ing. This principle is classically implemented by using
reverse screw elements in twin screw extruders [13]. The
first conical part of the screw allows the transport, the
melting and the plasticizing of polymers. Then, in the
two following parts, the screw has a cylindrical geometry





channel depth is constant and equal to 1.5 mm. The pres
sure, the temperature and the volumetric sc CO2 flow rate
are measured within the syringe pump. sc CO2 density,
obtained with the equation of state established by Span
and Wagner [40], is used to calculate mass flow rate and
thus the sc CO2 mass fraction wCO2. Once steady state con
ditions are reached with the chosen operating conditions,
extrudates were collected and water cooled at ambient
temperature. Several samples were collected during each
experiment in order to check the homogeneity of the
extrudates. Several CO2 mass fractions were tested until
the maximum CO2 flow rate, which is reached when desta
bilisation of the polymer flow occurs. Experimental condi
tions chosen after preliminary trials are summarized in
Table 2 and they are discussed in Section 3.2.2.

2.5. Residence time distribution determination

The residence time distribution (RTD) has already been
measured in this extruder with several polymers to quan
tify the influence on the melt flow behaviour of both the sta
tic mixers and the sc CO2 [41,42]. In order to obtain
additional information about the quality of the mixing, a
trial has been carried out to follow the C30B as a tracer into
the PHBV flow by using the same method as described by
Common et al. [42]. A small quantity of physical mixture,
i.e. PHBV pellets coated with C30B (see Section 2.3), has
been introduced in the hopper and detected by means of a
Raman probe placed just before the die. No characteristic
peak of the C30B has been detected in the Raman signals
whatever the amount of C30B introduced. However, con
trarily to the study by Common et al. [42] done with tita
nium dioxide, the whole Raman signal has been displaced
towards lower intensities according to C30B concentration.
The variation in the intensity of the main polymer peak as a
function of time in the presence of tracer was hence used for
the RTD determination.

2.6. Rheological behaviour

The rheological properties of the extruded PHBV based
nanocomposites were carried out in dynamic oscillation
mode using a strain controlled rheometer ARES (TA Instru
ment, USA) equipped with a parallel plate geometry. The
upper and lower plates were 25 mm in diameter. The gap
was progressively set to around 2 mm and a delay was
applied to reach the equilibrium (zero normal force) before
starting frequency sweeps. Frequency sweep tests were
performed at 165 "C, as for the extrusion process, from 0.1
to 100 rad/s. The linear viscoelastic domain was checked
for all mixtures and the minimum limit strain recorded,

i.e. 0.6%, was used for all experiments. The measurements
were done three times for each blend and were well repro
ducible. For all mixtures, the thermal stability time at
165 "C was over 8 min and the frequency sweep test dura
tion was less than 6 min.

2.7. Wide angle X ray diffraction (WAXD)

The wide angle X ray diffraction measurements were
performed using an AXS D8 Advance diffractometer (Bru
ker, Germany) equipped with a Cu cathode (k = 1.5405 Å)
and a Vantec detector. Measurements were performed in
reflection mode on powdered extrudates in the range
2h = 1.5 63.5" with a step size of 0.007" and a step time
of 24.5 s. The interlayer distance d001 of the C30B clays
were determined from the (001) diffraction peak using
Bragg’s law, k = 2d sinh.

2.8. Differential Scanning Calorimetry (DSC) experiments

The crystallization of PHBV and PHBV/clays blends and
foams was characterized with a Pyris Diamond DSC (Per
kin Elmer, Germany) equipped with an Intracooler II using
nitrogen as the purge gas. The temperature and heat flow
were calibrated with indium. Samples of 10 15 mg were
sealed in aluminium pans, and analyzed from 20 "C to
200 "C at a heating and cooling rate of 10 "C/min. Three
samples per mixture were tested. The degree of crystallin
ity Xc was determined according to Eq. (1):

Xc ðjDHmjÞ=ðf p % jDH0
mjÞ % 100 ð1Þ

where DHm (J/g) is the melting enthalpy of the PHBV
matrix, fp is the PHBV weight fraction in the sample and
DHm

0 (J/g) is the melting enthalpy of a pure crystal and
DHm

0 = 146 J/g for PHB [43]. No values for PHBV with
varying valerate amounts can be found in literature.

2.9. Porosity

Porosity e is defined as the ratio of void volume to the
total volume of the sample and can be calculated by Eq.
(2):

e 1 qapp=qp ð2Þ

where qapp is the apparent density calculated from the
weight of the samples and their volumes evaluated by
measuring their diameter and length with a vernier
(Facom, France). Nine measurements per sample were
made to ensure a good accuracy. qp is the bulk polymer
density, determined by helium pycnometry (Micromeri
tics, AccuPYC 1330), which is about 1216 kg m 3.

Table 2
Foaming experimental conditions.

Mixtures Screw speed (rpm) Tf ("C) wCO2 (mass%) Static mixer Die

Neat PHBV 30 120 140 1.5 No L20
Neat PHBV 30 140 0 4 No L20
PHBV/2.5% C30B (PM) 40 140 0 3 Yes L5
PHBV/2.5% C30B dil. 20% (EX) 55 140 0 4 Yes L20











been found to be 345 ± 12 s, what is coherent with previ
ous results [41,42]. Moreover, the onset time tapp (at which
the beginning of the peak is detected) can be determined to
calculate the ratio tapp/tmoy. This ratio is equal to 1 for a
plug flow, to 0 in a perfectly mixed reactor and to about
0.75 for a single screw extruder [58]. In our case, it was
evaluated at 0.7 ± 0.05, a value similar to the one measured
for Polyamide 11 [42].

It has been already shown that the mixing is improved
by the addition of a static mixer [42]. In this study, the
addition of such a static mixer results in a too low Raman
signal that can be no more detected. It confirms thus that
the mixing of the C30B is improved although it is not pos
sible to quantify this improvement.

3.2.2. Choice of the foaming conditions
The first trials with PHBV were carried out with the L12

die, but pressures obtained in the extruder were too low to
allow sc CO2 injection. In consequence, the L12 die was
replaced by the L20 having a length of 20 mm to increase
operating pressures. Screw speed can be varied from 30
to 80 rpm, but the lowest possible speed was selected to
increase the residence time of the mixtures, and thus the
mixing time. In the case of the extruded mixture, a
decrease of operating pressures was observed with the
addition of the clays. As discussed previously, rheological
dynamic measurements showed that the presence of 2.5%
of C30B can induce a viscosity decrease of the polymer.
This phenomenon was particularly obvious at high shear
rates, which usually occur during the extrusion. Thus, the
screw speed was increased to 55 rpm for this mixture to
increase operating pressures. In the case of the physical
mixing, the pressure decrease was larger and the die L5
having a smaller diameter was used to increase the pres
sure and allow sc CO2 injection.

Experimental conditions finally chosen are summarized
in Table 2. There is thus clear evidence that the formulation
of the PHBV induces a modification of the properties of the
materials. This results in different behaviours in the extru
sion process which requires a tailoring of the processing
conditions.

3.2.3. Effect of the die temperature on the neat PHBV foams
The effect of the temperature has been already observed

for several polymers [13]. In general, the porosity is a neg
ative function of temperature because of the diffusivity of
the blowing agent. Thereby the extensional rate and strain
associated with cell growth increase with temperature,
while melt viscosity and elasticity shows a reverse trend
[59,60,24]. Moreover, the expansion ratio usually reaches
a maximum according to the die temperature. Indeed, by
freezing the surface of the extrudate at lower die temper
atures, more gas remains in the foam to contribute to the
volume expansion [59]. However, too low temperatures
induce an increased stiffness of the frozen skin layer and
hence a decrease of the volume expansion ratio.

Pressures and corresponding porosities as a function of
the die temperature are summarized in Table 4 for the first
produced foams. Pressure before the die significantly
decreases with increasing temperature, due to the

lowering of the viscosity. However, the porosity is rather
independent of the die temperature.

As observed in Fig. 9, the porosity is inhomogeneous
and badly dispersed in the PHBV extrudates. This could
be attributed to a lack of mixing between the PHBV and
the sc CO2. Moreover, the crystallization of the PHBV upon
cooling inside and at the exit of the die should also be
responsible for this inhomogeneous porosity. The crystals
in formation in the amorphous matrix indeed hamper the
solubility and diffusion of sc CO2 into the polymer. Conse
quently, the absorption and diffusion of the sc CO2 takes
place almost exclusively through the amorphous regions
and the formed polymer/gas mixture is not uniform [13].
If the temperature is further decreased, clogging of the
die occurs, especially with loaded polymer. Although
increasing die temperature favour growth and coalescence
of the pores, it seems that the properties of the polymer
avoid a good control of the foaming by the temperature.
A possible explanation is a rather low solubility of the
CO2 (which can be estimated by the maximal reachable
CO2 mass fraction) or a rapid decrease of its solubility
due to the apparition of a crystalline phase, favoured by
the CO2 but in which the CO2 is less soluble [61,24]. The
maximal value of the CO2 mass fraction was about 5%.
Finally, a temperature Tf of 140 "C was found to be the best
compromise between a good foaming capacity and a lim
ited clogging, especially for the PHBV/2.5% C30B mixtures,
to study the influence of the CO2 mass fraction.

3.2.4. Effect of the sc CO2 mass fraction on the neat PHBV and
PHBV/2.5% C30B foams

The effect of the sc CO2 mass fraction on the pressure P4

is represented in Fig. 10a. Pressure at the die decreases up
to 30% with increasing sc CO2 mass fraction for all foams.
This decrease is explained by the lower polymer viscosity
induced by the plasticization effect of the sc CO2.

The effect of the sc CO2 mass fraction on the porosity e
is represented in Fig. 10b. In all cases, porosity decreases
with increasing sc CO2 mass fraction, which is rather
astonishing since more sc CO2 is theoretically available
for foaming. This could be explained by a faster cooling
of the extrudates, as sc CO2 pressure drop is endothermic.
The fast cooling thus increases the stiffness of the polymer
which limits the growth of the cells and hence the expan
sion and the porosity. A part of the sc CO2 could also be in
excess [62] due to limited diffusion within the PHBV
matrix or, as mentioned before, to the apparition of a crys
talline phase favoured by the presence of the sc CO2. This
excess of sc CO2 diffuses to the walls of the extruder and
does not participate to cell nucleation. This also decreases

Table 4
Pressures and corresponding porosities as a function of the die temperature
for the neat PHBV foams.

Tf ("C) P4 (MPa) e (%)

120 23.3 48
130 22.2 46
140 19.2 47









4. Conclusions

A continuous sc CO2 assisted extrusion process has
been implemented to prepare PHBV/organo clays nano
biocomposite foams. The prior preparation of a master
batch and its further dilution during the sc CO2 assisted
single screw extrusion process are necessary steps to
obtain good clay dispersion and limited PHBV degradation.
By controlling the sc CO2 mass fraction in a narrow win
dow, good clay dispersion appears to favour homogeneous
nucleation while limiting the coalescence of the pores, and
hence allows to obtain nano biocomposite foams with bet
ter homogeneity and higher porosity up to 50%. Neverthe
less, the crystallization of the PHBV upon the foaming
process should hamper the diffusion of the sc CO2 within
the matrix and hence the nucleation and growth of the
pores which limit the homogeneity and ultimate porosity
of the foams. Further studies will thus focus on the foam
ing of amorphous biopolyester by the continuous sc CO2

assisted extrusion process developed in this study.
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