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7.1 INTRODUCTION

Poly(lactide) or poly(lactic acid) (PLA) is producible from renewable resources such
as starch, is biodegradable in the human body as well as in the environment, is com-
postable, and is not toxic to the human body and the environment (Coombes and
Meikle, 1994; Doi and Fukuda, 1994; Kharas et al., 1994; Vert et al., 1995;
Hartmann, 1998; Ikada and Tsuji, 2000; Garlotta, 2001; Albertsson, 2002; Scott,
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166 POLY(LACTIDE)S STEREOCOMPLEXATION

2002; Sodergard and Stolt, 2002; Tsuji, 2002a, 2007; Auras et al., 2004; Yu et al.,
2006; Gupta et al., 2007). Because of these properties, PLA has been studied inten-
sively for more than forty years in terms of scientific and industrial interest. The syn-
thesis, recycling, and biodegradation of PLA are schematically represented in Fig. 7-1
(Tsuji, 2007). PLA has high mechanical performance similar to that of representative
commercial polymers such as polyethylene and poly(ethylene terephthalate) (PET).

PLA-based materials have been used for biomedical, pharmaceutical, environ-
mental, industrial, and commodity applications. Because of good biodegradability
and very low toxicity, PLA and lactide (LA) copolymers have been used as biome-
dical material for fixation of fractured bone and as matrices for drug delivery systems.
Poly(L-lactide) composite materials are also used in automobile parts and the casings
for personal computers and mobile phones. The physical properties and biodegrada-
tion behavior of PLA can be modified depending on their applications. Manipulation
of the physical characteristics and biodegradation kinetics will employ blending and
composite formation by selection of the filler (second polymer) type and concen-
tration, for reasons of simplicity and commercial advantage. From among the
PLA-based polymer blends, this chapter focuses on blends of poly(L-lactide)
(PLLA) with poly(p-lactide) (PDLA), as stereocomplex formation takes place upon
blending of PLLA with PDLA. Since this stereocomplexation between enantiomeric
PLAs (i.e., PLLA and PDLA) was first reported by us (Ikada et al., 1987), numerous
studies have addressed the formation, structure, physical properties, degradation, and
applications of the PLA stereocomplex (Slager and Domb et al., 2003a; Tsuji, 2005).
Stereocomplexation enhances mechanical properties, thermal resistance, and hydro-
Iytic degradation resistance of PLA-based materials. These improvements arise
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Fig. 7-1 Synthesis, recycling, and degradation of poly(r-lactide) (PLLA) (Tsuji, 2007).
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from a strong interaction between L-lactyl and p-lactyl unit sequences, opening a new
route for preparation of novel hydrogels and particles for biomedical applications. It
has been shown that crucial parameters affecting the stereocomplexation include the
mixing ratio and molecular weights of L-lactyl and p-lactyl unit sequences. The
polymer pairs and stereoblock copolymers that may give rise to complexation are
summarized in review articles (Slager and Domb, 2003a; Tsuji, 2005).

7.2 STEREOCOMPLEX FORMATION

The synthetic routes for LA or lactic acid homopolymers having a variety of tacticity
and optical purity are summarized in Fig. 7-2 (Tsuji, 2005). The unit cell parameters
of pure PLLA and PLA stereocomplex are summarized in Table 7-1 (2002a).
Nonblended PLLA has been reported to crystallize in three forms: o-form (De
Santis and Kovacs, 1968; Hoogsteen et al., 1990; Kobayashi et al., 1995), B-form
(Hoogsteen et al., 1990; Puiggali et al., 2000), and y-form (Cartier et al., 2000).
The B-form of pure PLLA has a rather frustrated structure (Puiggali et al., 2000),
but the stereocomplex crystal has a triclinic unit cell, in which PLLA and PDLA
chains taking a 3; helical conformation are packed side-by-side in a parallel
fashion. PLLA can crystallize in the temperature range 75-160°C and the radius
growth rate of spherulite (G) shows the maximum at 130°C (Kalb and Pennings,
1981; Tsuji and Ikada, 1995; Abe et al., 2001; Di Lorenzo, 2005; Tsuji et al.,
2005a, b). The crystallization mechanism changes from Regime III to Regime II at
120°C and Regime II to Regime I at 163°C (Kalb and Pennings, 1980; Abe et al.,
2001; Di Lorenzo, 2005; Tsuji et al., 2005a, b). It has been suggested that the pre-
sence of two G maxima or the regime change from III to II is associated with the crys-
talline, structural change from o’-form to a-form at 110—130°C (Zhang et al., 2005a;
Kawai et al., 2007; Pan et al., 2008).

On the other hand, as seen in Fig. 7-3, main peaks of PDLA (Xp = 1) film appear
at 20 values of 15°, 17°, and 19° (Ikada et al., 1987), which are comparable to those
for the a-form of PLLA crystallized in a pseudo-orthorhombic unit cell with two 105
helices and the dimensions ¢ = 1.07 nm, b = 0.595 nm, and ¢ = 2.78 nm (Okihara
et al.,, 1991). The most intense peaks of equimolar blended film (Xp = 0.5) are
observed at 20 values of 12°, 21°, and 24°, where Xp, is defined as

X — weight of PDLA
P~ Weight of PLLA and PDLA

7.1

They correspond to those of the PLA stereocomplex crystallized in a triclinic unit cell
of dimensions a = 0.916 nm, » = 0.916 nm, ¢ = 0.870 nm, o = 109.2°, B = 109.2°,
and 'y = 109.8°, in which r-lactide (LLA) and p-lactide (DLA) segments are packed
parallel taking a 3; helical conformation (Okihara et al., 1991). The crystal structure
of the PLA stereocomplex is demonstrated in Fig. 7-4. The lattice containing one
PLLA or PDLA chain with a 3, helical conformation has the shape of an equilateral
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170  POLY(LACTIDE)S STEREOCOMPLEXATION
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Fig. 7-3 'WAXS profiles of PLLA/PDLA blends having different Xp values (Ikada et al.,
1987). Solid line, dashed line, and dashed/single dotted line are for Xp = 0.5, 0.75, and 1,
respectively.

Fig. 7-4 Crystal structure of PLA stereocomplex (Okihara et al., 1991). The lines between
PLLA and PDLA chains have been added to the original figure.
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Fig. 7-5 PLA stereocomplex formed in dilute solution (single crystals) (a) (Tsuji et al., 1992)
and concentrated solution (dried gel) (b) (Tsuji and Ikada, 1999).

triangle. This is expected to form equilateral-triangle-shaped single crystals of PLA
stereocomplex. Equilateral-triangular single crystals [Okihara et al., 1991; Tsuji
et al.,, 1992 (Fig. 7-5a); Brizzolara et al., 1996] and gels [Tsuji and Ikada, 1999
(Fig. 7-5b)] of PLA stereocomplex were formed when crystallized in a solution.
Brizzolara et al. proposed the crystallization mechanism of PLA stereocomplex
shown in Fig. 7-6 (Brizzolara et al., 1996).

Fig. 7-6 Schematic growth mechanism of the stereocomplex single crystal (Brizzolara et al.,
1996). Reprinted with permission from Macromolecules. Copyright (1996) American
Chemical Society.
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DSC and WAXS measurements of PLLA/PDLA blends having different Xp
values first confirmed PLA stereocomplexation, as shown in Fig. 7-7 (Tsuji et al.,
1991a) and Fig. 7-3 (Ikada et al., 1987), respectively. The specimens were prepared
by precipitation of PLLA and PDLA in methylene chloride mixed solution with
stirred methanol. The peak seen in Fig. 7-7 at 180°C for PLLA or PDLA (Xp =0
or 1) is ascribed to the melting of PLLA or PDLA homocrystallites composed of
either PLLA or PDLA chains alone. In contrast, a new melting peak appears at
230°C in the blend specimens, irrespective of Xp. The new peak is due to the
melting of stereocomplex crystallites.

The difficulty of keeping PLLA/PDLA blends with molecular weights in the
order of 10° g/mol in the amorphous state by melt-quenching strongly suggests
that the overall crystallization rate of PLA stereocomplex is much higher than that
of homocrystallites of PLLA or PDLA alone. This was evidenced by polarized
optical microscopy (Tsuji and Tezuka, 2004), as represented in Fig. 7-8 for
PLLA/PDLA blend and pure PLLA and PDLA films crystallized from their melt.
Figure 7-9 shows G values of the spherulites of stereocomplex crystallites in
PLLA/PDLA blends and homocrystallites in pure PLLA and PDLA films, and the
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Fig. 7-7 DSC thermograms of PLLA/PDLA blends with different Xp values (Tsuji
et al.,, 1991a). Viscosity-average molecular weight (M,) of both PLLA and PLLA is 3.6 x
10° g/mol.
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100 um

Fig. 7-8 Spherulites of PLLA (Xp=0) (M,,=1.0 x 10* g/mol) (a), PDLA (Xp=1)
My, =2.2 x 10* g/mol) (b), and their blend (Xp = 0.5) (c, d) films crystallized at 140°C
(a—c) and 190°C (d) from the melt at 250°C. Crystallization times were 11, 6, 0.5, and 12
min for (a), (b), (c), and (d), respectively (Tsuji and Tezuka, 2004).
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Fig. 7-9 Radius growth rate of spherulites (G) and induction period of spherulite formation
(t;) of PLLA (Xp = 0), PDLA (Xp = 1), and their blend (Xp = 0.5) films as functions of crys-
tallization temperature (7..) (Tsuji and Tezuka, 2004).
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Fig. 7-10 Schematic illustration of the regularization from o/-to a-form, the melting of the
a-form, and recrystallization /epitaxial growth on the oriented stereocomplex crystallites (B.)
form in the heating of a PLLA/PDLA blend sample (Xp = 0.5) (Zhang et al., 2007).

induction period (#;) for spherulite growth (Tsuji and Tezuka, 2004). These results
indicate that the numbers of spherulites of stereocomplex crystallites per unit area
are larger with higher G and lower #; values than those of the spherulites of homocrys-
tallites. This resulted in enhanced overall crystallization rate of stereocomplex crystal-
lites compared with that of homocrystallites.

Zhang and co-workers investigated the crystalline phase change of PLLA /PDLA
blends with high molecular weights using FT-IR spectroscopy by following three
phase-transitions: the transition of a’-form to a-form at 120°C, melting of a-form,
and recrystallization/epitaxial growth of stereocomplex crystallites above the
melting temperature of homocrystallites (>170-180°C) (Fig. 7-10) (Zhang et al.,
2007). Zhang and co-workers and Sarasua and co-workers revealed the hydrogen
bonding between methyl hydrogen (or a-hydrogen) and carbonyl oxygen, which is
expected to enhance rapid spherulite formation and growth of PLA stereocomplex
crystallites (Zhang et al., 2005b; Sarasua et al., 2005).

7.3 METHODS FOR INDUCING STEREOCOMPLEXATION

Homocrystallization dominates stereocomplex crystallization, when the molecular
weight of PLLA and PDLA is elevated. Figure 7-11 shows the melting enthalpies
(AH,,) of stereocomplex crystallites and homocrystallites when a casting method
was used for the specimen preparation. Clearly, AH,, of stereocomplex crystallites
and homocrystallites decreased and increased, respectively, with increasing molecu-
lar weight, and AH,,, of the stereocomplex became lower than that of homocrystallites
when the weight-average molecular weight (M,,) increased above 3x 10’ g/mol
(Tsuji et al., 1991a). The critical molecular weight, below which only stereocomplex
crystallites are formed depends on the method and conditions of material preparation.
Normally, the critical molecular weight is lower for melt processing than for solution
processing (nonsolvent precipitation and solution casting), and higher for nonsolvent
precipitation than for solution casting (Tsuji et al., 1991a; Tsuji and Ikada, 1993).
Duan and co-workers reported the M, dependence of stereocomplex formation for
Langmuir monolayers on water (Duan et al., 2006). The result is similar to that for
as-cast or melt-crystallized blends. PLLA and PDLA polymer pairs having high
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Fig. 7-11 Melting enthalpies (AH,,) of stereocomplex crystallites and homocrystallites for
as-cast PLLA/PDLA blend films (Xp =0.5) as a function of weight-average molecular
weight (M,,) (Tsuji et al., 1991a).

molecular weights are required for high mechanical performance, whereas stereocom-
plex is readily formed when the molecular weight of either PLLA or PDLA is low.
Therefore, the selection of processing method and conditions is crucial to resolve
the conflict if high-molecular-weight PLLA /PDLA blend materials are required to
contain only stereocomplex crystallites.

One method for enhancing stereocomplex formation is to increase the chain orien-
tation of PLLA /PDLA (Tsuji et al., 1991a, 1994; Takasaki et al., 2003; Furuhashi
et al., 2006, 2007; Sawai et al., 2006). This may be effected by the increased inter-
action between PLLA and PDLA chains due to shearing forces or thermal
drawing. A novel method was developed to prepare well-stereocomplexed PLA
materials by the use of electrospinning (i.e., by electrostatically induced high shearing
force) of PLLA/PDLA concentrated solutions. The formation of homocrystallites
was suppressed, while that of stereocomplex crystallites was enhanced (Tsuji et al.,
2006a). This study further revealed that nano-order stereocomplex fibers could
be formed by electrospinning, as shown in Fig. 7-12. On the other hand, stereo-
complexation occurred upon compression of a monolayer of PLLA/PDLA blend
films (Bourque et al., 2001; Pelletier and Pézolet, 2004). Study of the structural
change of Langmuir films of PLLA /PDLA by the use of surface-pressure measure-
ment and polarization modulation infrared reflecting-absorption spectroscopy (PM-
IRRAS) indicated that a stereocomplex bilayer in equilibrium with the monolayer
was formed at the air—water interface upon compression. Serizawa and co-workers
reported that stepwise alternate immersion of a quartz crystal microbalance (QCM)
substrate into respective acetonitrile solutions of PLLA and PDLA gave rise to stereo-
complexation (Serizawa et al., 2003). They also indicated that the assembly of PLLA
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Fig. 7-12 SEM images of PLLA (Xp = 0) and PLLA /PDLA (Xp = 0.5) fibers electrospun at
applied voltages of —12 and —25 kV (Tsuji et al., 2006a).

could grow epitaxially on the surface of stereocomplex crystallites, as shown also by
Brochu et al. (1995).

A novel method was proposed by Spinu and co-workers for stereocomplexation
between PLLA and PDLA. They conducted polymerization of LLA and DLA in
the presence of PDLA and PLLA by mixing LLA and PDLA (or DLA and PLLA)
(Spinu et al., 1996). This method successfully formed well-stereocomplexed PLA
structures. In the strict sense, this method may not be identified as “template poly-
merization” (Challa and Tan, 1981), but it effectively utilizes the fact that polymer-
ized chains have a strong interaction with the template chains.

Low-molecular-weight stereoblock PLA was incorporated in a 1: 1 blend system
of PLLA and PDLA having high molecular weights, acting as a compatibilizer to
enhance stereocomplex formation (Fukushima et al., 2007).

7.4 PHYSICAL PROPERTIES

Physical properties of PLLA, PDLLA, and PLA stereocomplex are given in Table 7-2
(Tsuji, 2002a), together with those of poly((R)-3-hydroxybutyrate) (R-PHB), poly(e-
caprolactone) (PCL), and poly(glycolide) (PGA). The glass transition and melting of
PLLA occur at 60°C and 180°C, respectively. As shown in Fig. 7-7, the T, of the
stereocomplex crystallites (220—230°C) was higher by about 50°C than that of homo-
crystallites of PLLA or PDLA (170—180°C). When stereocomplex formation takes
place in concentrated PLA solutions, the stereocomplex microcrystallites formed
serve as crosslinks accompanying a dramatic increase in solution viscosity and
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finally a three-dimensional gel is formed (Tsuji et al., 1991b; Tsuji and Ikada, 1999).
Such a viscosity increase or gelation was also reported for blends made from various
block and graft copolymers containing LLLA or DLA chains and hydrophilic chains
in aqueous media (Lim et al., 2000; De Jong et al., 2000, 2001a, b, 2002;
Fujiwara et al., 2001; Watanabe et al., 2002a, b; Watanabe and Ishihara, 2003;
Li and Vert, 2003; Li, 2003; Mukose et al., 2004; Hennink et al., 2004; van
Nostrum, 2004; Hiemstra et al., 2006).

The tensile properties of PLA were reported to be enhanced by stereocomplex for-
mation. For M,, exceeding 1x10° g /mol, tensile strength, Young’s modulus, and
elongation-at-break of PLLA/PDLA films were much higher than those of pure
PLLA and PDLA films (Fig. 7-13) (Tsuji and Ikada, 1999). As noted above, the
stereocomplex crystallites can act as crosslinks and the well-stereocomplexed
materials reveal higher mechanical performance than the nonstereocomplexed
materials (Fig. 7-14) (Tsuji and Ikada, 1999). Even in the melt state, PLLA and
PDLA chains have a strong interaction with each other, resulting in high thermal stab-
ility, as traced by thermogravimetric isothermal measurements in the temperature
range 230-250°C (Tsuji and Fukui, 2003). It was also found that PLLA/PDLA
films had a lower water vapor transmission rate than pure PLLA and PDLA films
(Tsuruno and Tsuji, 2007). The differences in the rates between blend and non-
blended films were higher for amorphous than for crystallized films. These results
reflect that the interaction is stronger between different polymer chains than
between the same polymer chains.
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Fig. 7-13 Tensile strength of as-cast pure PLLA (Xp = 0), PDLA (Xp = 1), and PLLA/
PDLA blend (Xp = 0.5) films as a function of M, (Tsuji and Ikada, 1999).
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Fig. 7-14 Storage modulus (G’) and loss tangent (fan 3) for PLLA (Xp = 0) and PLLA/
PDLA blend (Xp = 0.25 and 0.5) films (Tsuji and Ikada, 1999).

7.5 BIODEGRADATION

Stereocomplexed PLA has a higher hydrolytic degradation resistance than non-
blended PLLA or PDLA when they undergo hydrolytic degradation in phosphate-
buffered solution at pH 7.4 and 37°C (Fig. 7-15) (Tsuji, 2000). It is surprising that
although the decrease in tensile strength of nonblended specimens started at
4 months, stereocomplex specimens maintained their initial tensile strength for as
long as 16 months. Similarly, De Jong and co-workers studied hydrolytic degradation
of solution-cast LLLA oligomers (degree of polymerization (DP) = 7 lactyl units) and
the stereocomplex of LLA and DLA oligomers (DP = 7 lactyl units) at pH 7 and
37°C (De Jong et al., 2001a). They showed that the fraction of the LLA oligomer
remaining approached zero within 4 h, whereas 50% of the stereocomplex remained
even after 96 h of degradation. Although the LLA oligomer and stereocomplex are
amorphous and crystalline, respectively, the observed results are in agreement with
those for nonoligomeric PLA (Tsuji, 2000).

Stereocomplex crystallization must disturb the hydrolytic degradation of stereo-
complexed specimens compared to that of nonblended PLA specimens, in spite of
predominant hydrolytic degradation in the amorphous region between the stereocom-
plex crystalline regions. This means that PLLA and PDLA chains should have a
strong interaction between them even when they are in the amorphous state, as
suggested by the aforementioned thermal degradation results (Tsuji and Fukui,
2003). To confirm this assumption, various types of equimolarly blended specimens
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Fig. 7-15 Residual tensile strength (a), Young’s modulus (b), and elongation-at-break (c) of
PLLA (Xp = 0), PDLA (Xp = 1), and PLLA/PDLA blend (Xp = 0.5) films, as a function of
hydrolytic degradation time (Tsuji, 2000).
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were prepared from PLLLA and PDLA—amorphous (Tsuji, 2002b) and homocrystal-
lized (Tsuji, 2003)—and their hydrolytic degradation was carried out in phosphate-
buffered solution at pH 7.4 and 37°C, together with nonblended PLLA and PDLA
specimens. It was found that hydrolytic degradation of the blended specimens was
retarded compared with that of the nonblended specimens, irrespective of their
state (amorphous or homocrystallized), supporting the above hypothesis. Moreover,
hydrolytic degradation of stereocomplexed fibers and films revealed that the mor-
phology of the stereocomplexed materials had crucial effects on their hydrolytic
degradation rate (Tsuji and Suzuki, 2001). Karst and Yang studied the molecular
modeling of PLLA/PDLA blends, PLLA, and PDLA and found that hydrogen-
bonding and dipole—dipole interactions were higher for PLLA/PDLA blends than
for pure PLLA or PDLA, resulting in a higher hydrolytic degradation resistance of
PLLA/PDLA blends (Karst and Yang, 2006). Possibly, hydrogen-bonding has a
greater effect than the dipole—dipole interactions on the resistance to hydrolytic
degradation.

Stereocomplexation between enantiomeric LLA and DLA unit sequences has
been reported to retard hydrolytic degradation, for instance, of poly[2-hydroxyethyl
methacrylate-graft-oligo(lactide)] (Lim et al., 2000) and A-B-A triblock copolymers
of PLA (A) with poly(sebacic acid) (PSA) (B) (Slivniak and Domb, 2002). De Jong
and co-workers indicated further that hydrolytic degradation of stereocomplex
hydrogels from dextran (DS = 3-12)-graft-LLA and DLA oligomers (DP = 6—12
lactyl units) depended on the number of lactate grafts (DS), the length (DP) and poly-
dispersity of the grafts, and the initial water content, with the hydrolytic degradation
time varying from 1 to 7 days (De Jong et al., 2001b). van Nostrum and co-workers
also showed that the hydrolytic degradation time of stereocomplex hydrogels from
poly(2-hydroxypropyl methacrylamide) (pHPMAm)-graft-LLA and DLA oligomers
could be readily tailored from 1 week to almost 3 weeks by changing the grafting
density of the polymers and the structure of the terminal groups of side-chains
(van Nostrum et al., 2004).

Another example was presented by proteinase K-catalyzed enzymatic degradation
of PLLA/PDLA blends (Tsuji and Miyauchi, 2001a). Proteinase K is an endopro-
tease having broad specificity but with preference for the cleavage of the peptide
bond C-terminal to aliphatic and aromatic amino acids, especially alanine
(Sweeney and Walker, 1993). Similarity in chemical structures between lactic acid
and alanine is expected to induce the proteinase K-catalyzed degradation of the
C-terminal of PLLA or L-lactyl unit sequences. As is known, proteinase K can cata-
lyze hydrolytic degradation of L-lactyl chains in the amorphous region (Tsuji and
Miyauchi, 2001b, c). The proteinase K-catalyzed enzymatic degradation rate (Rgp)
of PLLA/PDLA blends is plotted as a function of Xp in Fig. 7-16 (Tsuji and
Miyauchi, 2001a). Proteinase K catalyzed the cleavage of L-lactyl unit sequences,
when the average L-lactyl unit sequence length (/) was 4 units, and Rgp decreased
with a decrease in [ . Therefore, PLLA (/i = 57.1) can be degraded in the presence
of proteinase K, whereas degradation of PDLA (/i = 0) is not catalyzed. In this study,
the specimens were made amorphous to exclude the effects of highly ordered
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Fig. 7-16 Proteinase K-catalyzed enzymatic degradation rate (Rgp) of PLLA/PDLA blend
films as a function of Xp (Tsuji and Miyauchi, 2001a).

structure such as crystallinity. As is seen in Fig. 7-16, Rgp of PLLA /PDLA blends is
much lower than the expected, reflecting the mutual miscibility of PLLA and PDLA
and the PDLA disturbance of enzymatic degradation of PLLA in the blends. If PDLA
and PLLA were completely phase-separated, such disturbance would not be
observed. Lee and co-workers also reported the disturbed proteinase K-catalyzed
enzymatic degradation of PLLA /PDLA stereocomplex monolayer films compared
with that of pure PLLA or PDLA monolayer film (Lee et al., 2005). However, in
this case it seems difficult to define “stereocomplex” for the monolayer film.

7.6 APPLICATIONS

7.6.1 Biodegradable Films

Biodegradable PLA-based stereocomplex films can be prepared by a solution-casting
method with organic solvents such as chloroform and methylene chloride (Murdoch
and Loomis, 1988; Tsuji et al., 1991c; Tsuji and Ikada, 1999). In this method, the
molecular weight of L-lactyl and p-lactyl unit sequences as well as the solvent eva-
poration rate are crucial. If the molecular weight and solvent evaporation rate are
too high, stereocomplex formation is disturbed, resulting in formation of films con-
taining a relatively large amount of homocrystallites or having low crystallinity
(Tsuji et al., 1991c; Tsuji and Ikada, 1999). Although PLA stereocomplex films
can also be prepared by a melt-molding method, it should be noted that the critical
molecular weight of PLLA and PDLA, below which only stereocomplex crystallites
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are formed, decreases dramatically compared with that in the solution-casting
method (Tsuji and lkada, 1993). This indicates the difficulty of preparing well-
stereocomplexed PLA with high molecular weights.

7.6.2 Biodegradable Fibers

Murdoch and Loomis 1988 prepared melt-spun PLA stereocomplex fibers from equi-
molar mixtures of PLLA and PDLA, while Tsuji and co-workers obtained wet- and
dry-spun PLA stereocomplex fibers (Tsuji et al., 1994) from mixed chloroform
solutions of equimolar PLLLA and PDLA. The former study did not estimate the frac-
tion of stereocomplex crystallites and homocrystallites (Murdoch and Loomis, 1988),
whereas the latter estimated the fraction by DSC to reveal that hot-drawing of as-spun
fibers increased the amount of stereocomplex crystallites but reduced that of homo-
crystallites, resulting in formation of fibers with stereocomplex as the main crystalline
type (Tsuji et al., 1994). The PLA stereocomplex fibers used by Tsuji and Suzuki for
hydrolytic degradation experiments were prepared by melt-spinning and subsequent
two-stage hot-drawing, and contained only stereocomplex crystallites but no homo-
crystallites (Tsuji and Suzuki, 2001).

Takasaki and co-workers revealed that stereocomplexation was favored in melt-
spinning from equimolar mixtures of PLLA and PDLA if the spinning was conducted
under conditions of higher take-up velocity, lower throughput rate, and lower extru-
sion temperature (Takasaki et al., 2003). This finding suggests that these conditions
can enhance the orientation-induced -crystallization of the stereocomplex, as
described above (Tsuji et al., 1994; Tsuji and Suzuki, 2001). They also confirmed
that drawing at lower temperature and annealing between the T, values of stereo-
complex crystallites and homocrystallites enhanced stereocomplexation. This is in
agreement with the above findings (Murdoch and Loomis, 1988; Tsuji and Ikada,
1993). The maximum tensile strength and Young’s modulus were respectively 530
MPa and 7.4 GPa for melt-spun and drawn stereocomplex fibers (Murdoch and
Loomis, 1988), 920 MPa and 8.6 GPa for solution-spun and drawn stereocomplex
fibers (Tsuji et al., 1994), and 400 MPa and 4.7 GPa for as-spun stereocomplex
fibers (Takasaki et al., 2003). These values are much lower than the maximum
tensile strength and Young’s modulus (2.1 GPa and 16 GPa) of melt-spun and
drawn PLLA fibers (Leenslag and Pennings, 1987).

7.6.3 Biodegradable Microspheres for Drug Delivery Systems

Loomis and Murdoch (1990) prepared injectable stereocomplex microspheres con-
taining a naltrexone base using an oil-in-water (O/W) solvent-evaporation method
(O: methylene chloride; W: water with a surfactant). The release of naltrexone was
delayed by a lag time of 200, 230, and 240 h in water, acid, and buffer solutions,
respectively. After the lag, drug release occurred with zero-order kinetics up to
450 h with 46%, 48%, and 35% of the drug released in water, acid, and buffer
solutions, respectively. In contrast, de Jong et al. (2001b) showed that stereocomplex
hydrogels prepared from dextran (DS = 3-12)-graft-LLA and DLA oligomers
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(DP = 6-12 lactyl units) released entrapped model proteins (IgG and lysozyme)
during a period of 6 days.

Slager and Domb formulated “heterostereocomplex” drug delivery system (DDS)
particles from L-configured peptides such as insulin with PDLA, PDLA-b-PEG,
PDLA-b-PEG/PDLA, PLLA/PDLA, or PLLA-b-PEG/PDLA-b-PEG (Slager and
Domb, 2002). Strong physical entrapment of peptides by the DLA unit sequence
resulted in retarded release of the peptides. They also prepared heterostereocomplex
DDS particles from an L-configured leuprolide and PDLA (Slager and Domb, 2003b,
c; 2004). Various factors affected the release of leuprolide from the hetero-
stereocomplex particles. The release rate of leuprolide from the particles increased
with the decreasing molecular weight of PDLA and the increasing weight fraction
of leuprolide. Continuous release of leuprolide over 100 days was observed at
certain stereocomplex compositions (Slager and Domb, 2003b).

7.6.4 Biodegradable Hydrogels

Stereocomplexed PLA hydrogels can be prepared in aqueous media by blending
block or graft copolymers possessing hydrophilic segments and L-lactyl or p-lactyl
unit sequences. Such stereocomplex hydrogels were reported for enantiomeric A-B
diblock and A-B-A triblock copolymers (Fujiwara et al., 2001; De Jong et al.,
2002; Li and Vert, 2003; Li, 2003) and B-A-B triblock copolymers (Mukose et al.,
2004) of PLA (A) with PEG (B); for enantiomeric graft copolymers of poly[2-
hydroxyethyl methacrylate-graft-oligo(lactide)] (Lim et al., 2000); poly(2-hydroxy-
propyl methacrylamide) (pHPMAm)-graft-LA oligomers (van Nostrum et al.,
2004) and dextran-graft-LA oligomers (De Jong et al., 2000, 2001a,b, 2002;
Hennink et al., 2004). Hiemstra and co-workers synthesized PEG-(PLLA)g and
PEG-(PDLA)g star block copolymers with high storage moduli up to 14 kPa by
mixing aqueous solutions with equimolar amounts of PEG-(PLLA)g and PEG-
(PDLA)g (Hiemstra et al., 2006).

Watanabe, Ishihara and co-workers prepared porous stereocomplexed PLA films
from graft-type copolymers containing LLLA unit sequences or DLA sequences as
side-chains (PMBLLA and PMBDLA, respectively), using an extraction method
with water-soluble particles of NaCl (Watanabe et al., 2002a,b; Watanabe and
Ishihara 2003). They showed that the cell adhesion and morphology of the porous
scaffolds were correlated with the PLLA or PDLA content and the 2-methacryloyloxy-
ethylphosphorylcholine (MPC) unit content, respectively (Watanabe et al., 2002b).
Fibroblast cells adhered on the surface and intruded into the scaffolds through the
connected pores after 24 h. The cell morphology became round from spreading
when the PLLA or PDLA content in the scaffolds decreased.

7.6.5 Nucleation Agents

As reported in many articles (Brochu et al., 1995; Schmidt and Hillmyer, 2001;
Yamane and Sasai, 2003; Anderson and Hillmyer 2006; and Tsuji et al. 2006b,c),
stereocomplex crystallites formed by addition of small amounts of PDLA to
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PLLA act as heterogeneous nucleation sites for PLLA crystallization, and PLLA
homocrystallites are formed epitaxially on the stereocomplex crystallites. Such
nucleation agents increase the number of PLLA spherulites per unit volume and
the total crystallization rate, but do not alter the spherulite growth rate (Tsuji et al.,
2006b, c).
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8.1 INTRODUCTION

Polyhydroxyalkanoates (PHAs) are a family of intracellular biopolymers synthesized
by many bacteria as intracellular carbon and energy storage granules (Fig. 8-1). It is
generally believed that PHA synthesis is promoted by unbalanced growth (Anderson
and Dawes, 1990). The plastic-like properties and biodegradability of PHAs
make them attractive as potential replacements for nondegradable polyethylene
and polypropylene, as well as biodegradable and biocompatible biomaterials for
implant purposes (Chen and Wu, 2005). Many efforts have been made to produce
PHAs as environmentally degradable thermoplastics (Chen, 2003), including
the large-scale production of poly-3-hydroxybutyrate (PHB) (Hrabak, 1992), copoly-
esters of 3-hydroxybutyrate and 3-hydroxyvalerate (PHBV) (Chen et al., 1991;

Biodegradable Polymer Blends and Composites from Renewable Resources. Edited by Long Yu
Copyright © 2009 John Wiley & Sons, Inc.
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Fig. 8-1 Bacterial cells containing PHA granules imaged by scanning electron microscopy
(Chen et al., 2000).

Byrom, 1992), copolyesters of 3-hydroxybutyrate and 3-hydroxyhexanoate
(PHBHHx) (Chen et al., 2001), as well as medium-chain-length (mcl) PHA
(Weusthuis et al., 2002) (Figs. 8-2 and 8-3).

PHB is the most common and lowest-cost PHA available but has the poorest
properties for applications (Table 8-1) (Doi et al., 1995). Recently, a copolyester of
3-hydroxybutyrate and 4-hydroxybutyrate (P3HB4HB) was also produced by
Tianjin Green Bioscience Co. Ltd in Tianjin (China) at one-tonne scale, allowing
more investigation into this unique material.

As PHB is very brittle and prone to thermal degradation, it is necessary to improve
its mechanical properties and processability through copolymerization or blending. In
fact, since it is very difficult to develop new copolymers, blending with a second,
already available, cheaper polymer has been attempted by many in the polymer
research community.

There have been many reports on the blending of PHB with other biodegradable or
nonbiodegradable polymers; these include poly(vinyl acetate) (PVAc) (Greco and
Martuscelli, 1989; Kumagai and Doi, 1992a,b), poly(epichlorohydrin) (PECH)
(Dubini et al.,, 1993; Sadocco et al., 1993), poly(vinyl alcohol) (PVA) (Azuma
et al.,, 1992), atactic poly-[(R,S)-3-hydroxybutyrate] (Abe et al., 1995) and its
block copolymer with poly(ethylene glycol) (P(R,S-HB-b-EG) (Kumagai and Doi,

? i
—JCH—(CHyz—C—O
Fig. 8-2 General molecular structure of polyhydroxyalkanoates (PHAs). m = 1, 2, 3, with
m =1 the most common; n can range from 100 to several thousands. R is variable. When

m =1, R = CHj;, the monomer structure is 3-hydroxybutyrate; with m =1 and R = C3H5,
the monomer is a 3-hydroxyhexanoate monomer.
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o}
O
3HV 3HHx 3HO 3HD 3HDD
A= -’ — P—
Short-chain-length PHA monomers Medium-chain-length PHA monomers

Fig. 8-3 Some commonly synthesized PHA monomers. Short-chain-length (scl) PHA mono-
mers: 3HB, 3-hydroxybutyrate; 3HV, 3-hydroxyvalerate. Medium-chain-length PHA mono-
mers: 3HHx, 3-hydroxyhexanoate; 3HO, 3-hydroxyoctanoate; 3HD, 3-hydroxydecanoate;
3HDD, 3-hydroxydodecanoate.

1993), poly(L-lactic acid-co-ethylene glycol-co-adipic acid) (Yoon et al., 1996),
cellulose acetate butyrate (CAB) or cellulose acetate propionate (CAP) (Scandola
et al.,, 1992), and poly(ethylene oxide) (PEO) (Avella and Martuscelli 1988; Kim
et al., 1999). Poly(methyl methacrylate) (PMMA) is known to be immiscible with
PHB at room temperature (Yoon et al., 1993); however, it is partially miscible in
its molten state (Lotti et al., 1993). Immiscible blends have been prepared
by mixing PHB with poly(1,4-butylene adipate) (PBA) (Kumagai and Doi,
1992a), PCL (Kumagai and Doi, 1992), poly(cyclohexyl methacrylate) (PCHMA)
(Lotti et al., 1993), PHBV (Kumagai and Doi, 1992; Organ and Barham, 1993;
Pearce and Marchessault, 1994; Gassner and Owen, 1996), and rubbers, such as

TABLE 8-1 Physical Properties of Various PHAs in Comparison with
Conventional Plastics

Tensile Elongation at

Sample” T °C) T, (°C) Strength (Mpa) Break (%)
PHB 177 4 43 5
P(HB-co-10% HV) 150 2 25 20
P(HB-co-20% HV) 135 =5 20 100
P(HB-co-10% HHx) 127 -1 21 400
P(HB-co-17% HHXx) 120 -2 20 850
Polypropylene 170 - 34 400
Polystyrene 110 - 50 -
PET 262 69 56 7300
HDPE 135 - 29 -

“HV, 3-hydroxyvalerate; HHx, 3-hydroxyhexanoate; PET, poly(ethylene teraphthalate); HDPE, high-
density polyethylene.
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ethylene-propylene rubber (EPR) (Greco and Martuscelli, 1989; Abbate et al., 1991),
ethylene-vinyl acetate (EVA) (Avella and Martuscelli, 1988; Abbate et al., 1991),
modified EPR rubbers grafted with succinic anhydride (EPR-g-SA) or dibutyl
maleate (EPR-g-DBM), or a modified EVA polymer containing OH groups
(EVAL). Verhoogt and co-workers reviewed the properties and biodegradability
of blends containing either PHB or PHBV (Verhoogt et al., 1994).

In this chapter, the blending of PHA with various polymers or additives is
discussed.

8.2 PHA BLENDED WITH STARCH OR CELLULOSE

Starch is one of the cheapest biomaterials. If starch is mixable with PHB, it will help
both reduction of the cost of PHB and improved PHB biodegradability. Godbole
and co-workers (Godbole et al., 2003) studied the compatibility of PHB with
starch. They indicated that blend films had a single glass transition temperature for
all the proportions of PHB : starch tested; all combinations were found to be crystal-
line. The tensile strength was optimum for the PHB : starch ratio of 0.7 : 0.3 (wt/wt)
(Table 8-2).

The results indicate that blending of starch with PHB in a ratio of 30: 70 could be
beneficial for cost reduction with improved properties over the virgin PHB. This
blend material might also be used as a coating material on paper or cardboard used
for food packaging etc. (Godbole et al., 2003) (Table 8-2).

The thermal behavior and phase morphology of PHB and starch acetate (SA)
blends have been studied and they were found to be immiscible. The melting temp-
eratures of PHB in the blends showed some shift with increase of SA content. The
melting enthalpy of the PHB phase in the blend was close to the value for pure
PHB. The glass transition temperatures of PHB in the blends remained constant at
9°C. The FTIR absorptions of hydroxyl groups of SA and carbonyl groups of
PHB in the blends were found to be independent of the second component at
3470 cm™ ' and 1724 cm ™', respectively. The crystallization of PHB was affected
by the addition of the SA component both from the melt on cooling and from the
glassy state on heating. The temperature and enthalpy of nonisothermal crystallization
of PHB in the blends were much lower than those of pure PHB. The crystalline mor-
phology of PHB crystallized from the melt under isothermal conditions varied with
SA content. The cold crystallization peaks of PHB in the blends shifted to higher
temperatures compared with that of pure PHB. No mechanical study was performed
by the authors for their property changes (Zhang et al., 1997) (Table 8-2).

When blends of PHB with cellulose acetate butyrate (CAB) were prepared by sol-
ution casting from chloroform solution at different compositions ranging from 20% to
100% PHB, the PHB/CAB blends were found to be miscible in the melt state as evi-
denced by a single glass transition (7) for each composition; a depression in the equi-
librium melting point of PHB and a marked reduction in the spherulite growth rate of
PHB in the PHB/CAB blends were also detected (Table 8-2). The phase structure of
the blend in the solid state as revealed by SAXS (small-angle X-ray scattering) was
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characterized by the presence of a homogeneous amorphous phase situated mainly in
the interlamellar regions of crystalline PHB and consisting of CAB molecules and
noncrystalline PHB chains. Again, there was no study of mechanical property
change (El-Shafee et al., 2001).

Pizzoli and co-workers investigated isothermal crystallization from the melt of
blends of PHB with two cellulose acetobutyrates (CE1 and CE2) using hot-stage
optical microscopy (Pizzoli et al., 1994). Space-filling spherulites were observed
at all compositions (50-100% PHB) and crystallization temperatures (50—130°C)
were explored. The spherulite radius increases linearly with time, and the radial
growth rate (G) depends strongly on the cellulose ester content of the blend. The
crystallization rate of the blend containing 50% CE2 is 2.5 orders of magnitude
lower than that of pure PHB. The spherulites show banding whose spacing
increases with increasing 7. for a given blend, while at constant 7. banding
decreases with increasing cellulose ester concentration. In PHB/CEl blends,
owing to the ability of CEI to crystallize from the melt concomitantly with PHB
at certain compositions and crystallization temperatures, a very unusual deviation
from linearity of the radial growth of PHB spherulites was observed. The rate
was seen to increase with time, reflecting the compositional changes that occurred
in the melt as a consequence of CEl crystallization. Apart from the cases where
crystallization of CEl occurred, the morphology of melt-crystallized PHB/CEIl
and PHB/CE2 blends was rather independent of the identity of the cellulose
ester (Pizzoli et al., 1994).

Beech wood flour (BWF) composites were prepared to plasticize PHB. The type
of plasticizer [tri(ethylene glycol) bis(2-ethylhexanoate)] (TEGB), poly(ethylene
glycol) (PEG200)] and the amounts (5 and 20 wt%) were selected as independent
variables in a factorial design. Thermal and mechanical properties of 90 wt%
PHB composites were investigated (Table 8-2). Incorporation of PEG200 was
found to compromise thermal stability of PHB as demonstrated by the greater
decrease in the onset decomposition temperature (7) and the drop in its average mol-
ecular weight (My). The study showed that TEGB/PHB/BWF composites can be
optimized to obtain new materials for disposable items (Fernandes et al., 2004).

Lignin fine powder as a new kind of nucleating agent for PHB was studied by Kai
et al. (2004). The kinetics of both isothermal and nonisothermal crystallization
processes from the melt for both pure PHB and PHB/lignin blend was studied.
Lignin shortened the crystallization half-time #,,, for isothermal crystallization.
The crystallization of the PHB/lignin blend was more favorable than that of pure
PHB from a thermodynamic perspective. At the same time, according to polarized
optical microscopy, the rate of spherulite growth from the melt increased with the
addition of lignin. Polarized optical microscopy also showed that the spherulites
found in PHB with lignin were smaller in size and greater in number than those
found in pure PHB. The wide-angle X-ray diffraction (WAXD) indicated that
addition of lignin caused no change in the crystal structure and degree of crystallinity.
These results indicated that lignin is a good nucleating agent for the crystallization of
PHB (Kai et al., 2004).
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8.3 PHA BLENDED WITH PLA

The spherulitic structure, growth rates, and melting behavior of blends of bacterially
produced PHB and poly(L-lactide) (PLLA) were investigated using polarized light
microscopy. Results indicated that low-molecular-weight PLLA (M,, = 1759) was
miscible in the melt over the whole composition range, whereas a blend of high-
molecular-weight PLLA (M, = 159,400) with PHB showed biphasic separation
(Table 8-2). Two types of spherulite were formed on cooling, related to the crystal-
lization of PHB and PLLA, respectively. In some blends, spherulites of opposite
type interpenetrated when the growth fronts met. It is proposed that lamellae belong-
ing to one type of spherulite continued to grow in the interlamellar regions of the
other type of spherulite (Blimm and Owen, 1995).

Furukawa and co-workers investigated the miscibility and structure of PHB /PLLA
and PHBHHx/PLLA blends using DSC, WAXD, and IR microspectroscopy
(Table 8-2). The results are then compared between the two types of blends. They
found that both PHB/PLLA and PHBHHx/PLLA blends are immiscible, but the
PHBHHX /PLLA blends are somewhat more compatible. WAXD reflection patterns
revealed that PHB component can be crystallized in the PHB/PLLA blends
with any ratio and that the PHBHHx component can also be crystallized in the
PHBHHXx /PLLA blends except for the 20/80 blend. The a and b lattice parameters
of each component in the blends are almost constant, suggesting that their crystalline
structures are kept intact in the blends. The T, values for PHBHHx and PLLA
components in the PHBHHx/PLLA blends also do not change significantly, as
well those for PHB and PLLA component in the PHB/PLLA blends. The obser-
vation of the T, of PLLA in both blend systems suggests that each component in
the PHB/PLLA and also in the PHBHHx /PLLA blends forms the mixed semicrys-
talline structure. These results indicate that the PHB /PLLA blends with decreasing T,
are totally immiscible, while the PHBHHx/PLLA blends with increasing T, are
somewhat compatible. Micro IR spectra from any spots of the 80/20 PHB/PLLA
and PHBHHx/PLLA blends show crystalline bands due only to the PHB and
PHBHHx components but not for PLLA. On the other hand, although the micro-
IR spectra from any spots of the 20/80 PHB /PLLA blend also show the crystalline
bands due to PHB, those from some spots of the 20/80 PHBHHx /PLLA blend show
only the crystalline bands of the PLLA component. PHBHHXx dispersed in a PLLA
matrix at this low level does not crystallize (Furukawa et al., 2007) (Table 8-2).

JM Zhang and co-workers investigated the crystallization behaviors of the two
components in their immiscible and miscible 50: 50 blends by real-time infrared
(IR) spectroscopy by adjusting the molecular weight of the PLLA component in
PHB/PLLA blends (Zhang JM et al., 2006). In the immiscible PHB /PLLA blend,
the stepwise crystallization of PHB and PLLA was realized at different crystallization
temperatures. PLLA crystallizes first at a higher temperature (120°C). Its crystalliza-
tion mechanism from the immiscible PHB/PLLA melt was not affected by the
presence of the PHB component, while its crystallization rate was substantially
depressed. Subsequently, in the presence of crystallized PLLA, the isothermal
melt-crystallization of PHB took place at a lower temperature (90°C). It is interesting
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to find that there are two growth stages for PHB. At the early stage of the growth
period the Avrami exponent is 5.0, which is unusually high, while in the late stage
it is 2.5, which is very close to the reported value (n = 2.5) for the neat PHB
system. In contrast to the stepwise crystallization of PHB and PLLA in the immiscible
blends, the almost simultaneous crystallization of PHB and PLLA in the miscible
50:50 blend was observed at the same crystallization temperature (110°C).
Detailed dynamic analysis by IR spectroscopy disclosed that the crystallization of
PLLA actually occurs faster than that of PHB even in such apparently simultaneous
crystallization. It has been found that in both the immiscible and miscible blends, the
crystallization dynamics of PHB are heavily affected by the presence of crystallized
PLLA (Zhang JM et al., 2006) (Table 8-2).

Furukawa and co-workers prepared four kinds of PHB /PLLA blends with a PLLA
content of 20, 40, 60, and 80 wt% from chloroform solutions. Micro-IR spectra
obtained at different positions of a PHB film are all very similar to each other,
suggesting that there are no discernible segregated amorphous and crystalline parts
on the PHB film at the resolution scale of micro-IR spectroscopy. On the other
hand, the micro-IR spectra of two different positions of a PLLA film, where spher-
ulite structures are observed and where they are not observed, are significantly differ-
ent from each other. PHB and PLLA have characteristic IR marker bands for their
crystalline and amorphous components. Therefore, it is possible to explore the
structure of each component in the PHB /PLLA blends using micro-IR spectroscopy.
The IR spectra of a position of blends except for the 20/80 blend are similar to that of
pure PHB. DSC curves of the blend show that the heat of crystallization of PHB
varies with the blending ratio of PHB and PLLA. The recrystallization peak is
detected for PLLA and the 20/80 blend respectively at 106.5 and 88.2°C. The low-
ering of recrystallization temperature for the 20/80 blend compared with that of pure
PLLA suggests that PHB forms small finely dispersed crystals that may act as
nucleation sites of PLLA. The results for the PHB/PLLA blends obtained from IR
microspectroscopy indicate that PHB crystallizes in any blends. However, crystalline
structures of PHB in the 80/20, 60/40, and 40/60 blends are different from those of
the 20/80 blend (Furukawa et al., 2005).

Park and co-workers prepared blends of PLLA with two kinds of PHB having
different molecular weights, commercial-grade bacterial PHB (bacterial-PHB) and
ultrahigh-molecular-weight PHB (UHMW-PHB), by the solvent-casting method
and uniaxially drawn at two drawing temperatures, around the T, of PHB (2°C) for
PHB-rich blends and around the 7, of PLLA (60°C) for PLLA-rich blends. DSC
analysis showed that this system was immiscible over the entire composition range
(Table 8-2). Mechanical properties of all of the samples were improved in proportion
to the draw ratio. Although PLLA domains in bacterial-PHB-rich blends remained
almost unstretched during cold drawing, a good interfacial adhesion between two
polymers and the reinforcing role of PLLA components led to enhanced mechanical
properties proportional to the PLLA content at the same draw ratio (Park et al., 2004).

In contrast, in the case of UHMW-PHB-rich blends, the minor component PLLA
was found to be also oriented by cold drawing in ice water due to an increase in the
interfacial entanglements caused by the very long chain length of the matrix polymer.
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As a result, the mechanical properties were considerably improved with increasing
PLLA content compared with the bacterial-PHB system. Scanning electron
microscopy observations on the surface and cross-section revealed that a layered
structure with uniformly oriented microporous in the interior was obtained by selec-
tive removal of PLLA component after simple alkaline treatment (Park et al., 2004).

LL Zhang and co-workers investigated the miscibility, crystallization and mor-
phology of PHB/poly(d,/-lactide) (PDLLA) blends. The results indicated that
PHB/PDLLA blends prepared by casting a film from a common solvent at room
temperature were immiscible over the range of compositions studied, while the
melt-blended sample prepared at high temperature showed some evidence of
greater miscibility. The crystallization of PHB in the blends was affected by the
level of addition of PDLLA. The thermal history caused a depression of the
melting point and a decrease in the crystallinity of PHB in the blends. Compared
with plain PHB, the blends exhibited some improvement in mechanical properties
(Zhang LL et al., 1996).

8.4 PHA BLENDED WITH PCL

Chee and co-workers demonstrated that PEO (poly[ethylene oxide]) is miscible with
PHB, whereas poly-e-caprolactone (PCL) is immiscible (Chee et al., 2002). In their
biodegradation, Cara et al. 2003 showed that both pure PCL and PHB samples were
degraded with strong erosion of the amorphous zones. In the PCL/PHB 70/30 blend,
after only 20 days of incubation, spheres of PCL were bordering with spherulites of
PHB, indicating complete degradation. The crystallinity content of homopolymers
and blends were investigated at different degradation times: while PCL crystallinity
remains constant, both PHB and the blend PHB-phase crystallinity increased. Data
from differential scanning calorimetry fit well with those obtained by scanning
electron microscopy, gel permeation chromatography, and weight loss analysis
(Cara et al., 2003) (Table 8-2).

Two types of mixtures were prepared by solution blending: high molecular weight
PHB/PCL and PHB/low-molecular-weight chemically modified PCLs (mPCL).
Lovera and co-workers studied the morphology, crystallization, and enzymatic degra-
dation of the blends by exposure to Aspergillus flavus. High-molecular-weight PHB /
PCL blends were found to be immiscible in the entire composition range. Phenomena
such as PCL fractionated crystallization and a decrease in PHB nucleation density
were detected. When PHB was blended with mPCLs, the blends were partially
miscible; two phases were formed, but the PHB-rich phase exhibited clear signs of
miscibility through a depression of both the T}, and the T, of the PHB component
(which was stronger with lower-molecular-weight mPCL), and an increase in the
growth rate of PHB spherulites in the blends as compared with neat PHB or the
PHB component in the PHB/PCL blends. The biodegradation by exposure to A.
flavus showed that the blends are synergistically attacked in comparison with the
homopolymers. Two factors may influence the improved degradation rate of the
blends: the dispersion of the components and their crystallinity, which was reduced
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in view of the fractionated crystallization and transfer of impurities. In the case of the
PHB/mPCL blends, the increased miscibility between the components caused a
reduction in the degradation rate (Lovera et al., 2007).

8.5 BLENDING OF DIFFERENT PHAs

Dufresne and Vincendon (2000) prepared blends of PHB with poly(3-hydroxyoctano-
ate) (PHO) by co-dissolving the two polyesters in chloroform and casting the mixture.
It has been observed that PHB shows no miscibility at all with PHO, resulting in two-
phase systems in which the nature of the continuous phase is composition-dependent.
The morphology of the blend strongly influences the mechanical behavior. The mech-
anical properties of these materials have been predicted from a model involving the
percolation concept. It takes both linear and nonlinear mechanical behaviors into
account and allows for the effect of the lack of adhesion between material domains
and/or breakage of one of the components (Dufresne and Vincendon, 2000).

Scandola and co-workers blended synthetic atactic PHB (a-PHB) with a natural
bacterial PHBV containing 10 mol% of 3HV using a simple casting procedure
(Table 8-2). In the range of compositions explored (10-50% a-PHB), blends of
PHBYV and synthetic atactic a-PHB were miscible in the melt and solidified with
spherulitic morphology. The degree of crystallinity decreased with increasing
content of a-PHB in the film samples, and the elongation at break for a sample con-
taining 50% of a-PHB was 30-fold that of pure PHBV. Degradation experiments
using both hydrolytic (pH 7.4, 70°C) and enzymatic PHB depolymerase A from
Pseudomonas lemoignei or Tris-HCI buffer (pH 8, 37°C) were performed for both
polymers and polymer blends. The rate of enzymatic degradation of the blends was
higher than that of PHBV and increased with a-PHB content in the blends studied,
whereas pure a-PHB did not biodegrade under these conditions. 3-Hydroxybutyric
acid (3HB) and its dimer were identified by HPLC as biodegradation products of
both pure PHBV and its blends with a-PHB. Higher oligomers up to heptamer
were detected as degradation products of the blends by APCI-MS and ESI-MS
(Scandola et al., 1997).

Saito and co-workers showed that the PHB/PHBV (9% HV) blends exhibited
almost perfect cocrystallization, the PHB/PHBV (15% HV) blends form PHB-rich
crystalline phase, and the PHB/PHB (21% HV) blends showed phase segregation
and formation of the crystalline phases of component polymers as well as the cocrys-
talline phase. These results indicate that the degree of phase segregation changes
depending on the HV content of PHBV. As the HV content increases, phase segre-
gation proceeds to higher degree before cocrystallization and, as a result, the copoly-
mer content in the cocrystalline phase decreases and/or the crystalline phases of the
component polymers are formed. The phase structure of the blends is determined by
the competition between cocrystallization and phase segregation. The necessary con-
ditions for cocrystallization are supposed to be miscibility in the melt state, similarity
of the crystalline structures, similarity of the crystallization rates of the component
polymers, and large crystallization rates. The miscibility prevents phase segregation.
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The similarity of the crystalline structure lowers the free energy of cocrystallization.
The similarity of the crystallization rates allows the simultaneous crystallization of
two components. The high crystallization rate does not give sufficient time for
phase segregation. It has been reported that the crystalline lattice of PHBV containing
40% or less HV unit is the same as that of PHB. The fact that PHB and PHBV with
high HV content are immiscible indicates that the extent of miscibility between PHB
and PHBYV gradually decreases with the increase of HV content of PHBV. The fact
that the crystallization rate of PHBV gradually decreases with the increase of HV
content shows that the difference in the crystallization rate of component polymers
gradually increases with the increase of HV content of PHBV. Both of these
factors promote phase segregation with the increase of the HV content of PHBV
for PHB/PHBYV blends. Therefore, as the HV content of PHBV for PHB /PHBV
blends increases, the PHBV content in the cocrystalline phase gradually decreases
and the crystalline phases of the individual component polymers are formed (Saito
et al., 2001).

The hydrolytic degradation of PHBV and PHO blends with low- and high-
molecular-weight additives was examined. DSC and atomic force microscopy
(AFM) results revealed that hydrolyzable PLA and hydrophilic PEG, selected as
additives that might accelerate hydrolytic degradation, were immiscible with PHBV
or PHO over the range of compositions studied. The results show that the presence
of a second component, whatever its chemical nature, is sufficient to perturb the crys-
tallization behavior of highly crystalline PHBV, and increase hydrolytic degradation.
In contrast, the degradation of PHO was unaffected by blending with PLA or PEG.
PHO degradation is a very slow process, requiring several months of incubation.
However, the introduction of polar carboxylic groups in side-chains led to an increase
in the degradation rate. Carboxylic groups promote water penetration into the polymer
(Renard et al., 2004) (Table 8-2).

8.6 PHA BLENDED WITH OTHER POLYMERS

De Lima and Felisberti showed that PHB /PEP (poly[epichlorohydrin]) and PHB/
ECO (poly[epichlorohydrin-co-ethylene oxide]) blends are immiscible. The apparent
melting temperature (77,,) of PHB in the blends decreases slightly with increasing
elastomeric content and the melting point depression cannot be associated with mis-
cibility, because the blends are immiscible. Thus, T}, of the blends are affected by
morphological effects. There is an influence of PEP and ECO on the crystallization
that occurs upon cooling of PHB, even when the blends are immiscible due to an
expressive decrease of the intensity of the peak at crystallization, that is completed
during the second heating. The degree of crystallinity of blends with PEP was
found to decrease with an increase in PEP content. PHB/ECO blends exhibit
degrees of crystallinity that can be considered nearly independent of the ECO
content. Study of the morphology of blends showed that the presence of elastomer
influences the ratio of the growth rate and the nucleation rate. The elastomer com-
ponent, probably resides in the intraspherulitic zones (de Lima and Felisberti, 2006).
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Xing and co-workers made a systematic study of the miscibility, crystallization,
and morphology of PHB/PVPh [poly( p-vinylphenol)] blends (Xing et al., 1997).
The single glass transition temperatures of the blends suggest that PHB and PVPh
will form miscible blends in the whole composition range in melt. After quenching,
the melting enthalpy of PHB in the blend is substantially lowered and approaches
zero at about 40% PVPh content, which is due to the high glass transition tempe-
rature of the blend. The equilibrium melting point of PHB in the blends, which
was obtained from DSC results using the Hoffman—Weeks equation, decreases
with the increase in PVPh content. The large negative values of the interaction
parameter determined from the equilibrium melting point depression support the
miscibility and strong hydrogen-bonding interactions between the components.
They found that the rate of isothermal crystallization of PHB is strongly affected
by blending it with PVPh. The rate of spherulite growth decreases with the increase
in PVPh content. Isothermally crystallized blends of PHB with PVPh were
examined by WAXD and SAXS. The long period increases with the addition of
amorphous PVPh, which is a strong indication of interlamellar segregation (Xing
et al., 1997).

Qiu and co-workers prepared four blends of PHB and poly(butylene succinate)
(PBS), both biodegradable semicrystalline polyesters, with the ratio of PHB/
PBS ranging from 80/20 to 20/80 by co-dissolving the two polyesters in N,N-
dimethylformamide and casting the mixture. Results indicated that PHB showed
some limited miscibility with PBS for PHB/PBS 20/80 blend as evidenced by
the small change in the glass transition temperature and the depression of the equi-
librium melting point temperature of the high-melting-point component PHB.
However, PHB showed immiscibility with PBS for the other three blends as
shown by the existence of unchanged composition-independent glass transition
temperature and the biphasic melt. During the nonisothermal crystallization of
PHB/PBS blends, two crystallization peak temperatures were found for PHB/
PBS 40/60 and 60/40 blends, corresponding to the crystallization of PHB and
PBS, respectively, whereas only one crystallization peak temperature was observed
for PHB/PBS 80/20 and 20/80 blends. However, it was found that after the
nonisothermal crystallization the crystals of PHB and PBS actually co-existed in
PHB/PBS 80/20 and 20/80 blends from the two melting endotherms observed
in the subsequent DSC melting traces, corresponding to the melting of PHB and
PBS crystals, respectively. The subsequent melting behavior was also studied
after nonisothermal crystallization. In some cases, double melting behavior was
found for both PHB and PBS, which was influenced by the cooling rates used
and the blend composition (Qiu et al., 2003).

Parra and co-workers investigated the thermal properties, tensile properties, water
vapor transmission rate, enzymatic biodegradation and mass retention of blends of
PHB with PEG (PHB/PEG), in proportions of 100/0, 98/2, 95/5, 90/10, 80/20,
and 60/40 wt%, respectively. They found that the addition of plasticizer did not
alter the thermal stability of the blends, although an increase in the PEG content
reduced the tensile strength and increased the elongation at break of pure PHB
(Parra et al., 2006) (Table 8-2).
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It has been demonstrated that the incorporation of a small amount of a-cyclodextrin
can greatly enhance the nucleation and crystallization of PHB. This natural and envir-
onmentally safe compound, may thus be used as a nucleation agent for biodegradable
polyester PHB (He and Inoue, 2003).

The di-n-butyl phthalate (DBP) diluent is miscible at molecular level with the
natural polyester PHB. In PHB/DBP mixtures both the glass transition and
melting temperatures decrease with increasing diluent content, the shift of 7, being
more pronounced than that of 7,,. The whole crystallization window moves to
lower temperatures and broadens, as reflected by the changes of the cold crystalliza-
tion process in dynamic DSC scans and by the shifts of the isothermal spherulite
growth rate curves. It is interesting to note that the maximum growth rate (Gax)
does not change in the range of diluent contents explored and that all isothermal
crystallization data fall on the same master curve when the crystallization tempera-
tures are normalized to account for the T, and Ty, changes with composition. The con-
stancy of G, indicates that in the polymer—diluent mixtures investigated, opposite
“dilution” and “chain mobility” effects that should respectively decrease and increase
the crystal growth rates tend to compensate (Pizzoli et al., 2002).

Ceccorulli and co-workers found blends obtained by melt compounding of PHB
with CAB are miscible over the whole composition range. In the range of PHB con-
tents from 0% to 50% the blend glass transition temperature (7) depends strongly on
composition, while a much less substantial dependence is found when the amount
of PHB exceeds 50%. In the former composition range, in addition to the strongly
composition-dependent T, another relaxation associated with mobilization of the
low-T, component is observed at a lower temperature (Ceccorulli et al., 1993).

The DBP is miscible in all proportions with both CAB and PHB. Analogously to
the polymeric CAB/PHB blends, the two polymer/diluent systems investigated
(CAB/DBP and PHB/DBP) show a dual dependence of 7, on composition. In
binary mixtures such behavior appears to be independent of the macromolecular or
low-molecular-weight nature of the low-T, component. Addition of a fixed amount
of DBP plasticizer to CAB/PHB blends with varying composition (PHB content
from 0% to 100%) causes a significant decrease of 7, of the binary polymer blends;
the 7, depression is larger the higher the amount of DBP in the ternary blend.
Concomitant with the expected “plasticizing” effect on T, the presence of DBP also
induces a decrease in the characteristic temperature of the additional low-temperature
transition observed in CAB /PHB blends. In the ternary blends, the temperature of such
atransition is a function of DBP content only, being independent of the relative amount
of the two polymers (CAB and PHB) (Ceccorulli et al., 1993).

In conclusion, the many efforts that have been made to improve the properties of
PHA, including blending and composite preparations, have achieved various degrees
of success. In the future, blends or composite preparation should be tailor made to
suite a particular application. With increasing costs of petrochemicals, more and
more effort is being directed to the development of useful biobased materials for
various application for PHA; some of these effects will be rewarded sooner or later.
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