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ABSTRACT: The present study is aimed at investigating structure, dispersibility, and crystallinity of
poly(3-hydroxybutyrate) (PHB) and poly(L-lactic acid) (PLLA) blends by using FT-IR microspectroscopy
and differential scanning calorimetry (DSC). Four kinds of PHB/PLLA blends with a PLLA content of
20, 40, 60, and 80 wt % were prepared from chloroform solutions. Micro-IR spectra obtained at different
positions of a PHB film are all very similar to each other, suggesting that there is 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 spherulite structures
are observed and they are not observed, are significantly different 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 by 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. On the other
hand, the IR spectra of another position of the blend consist of the overlap of those of pure PHB and
PLLA. For the 20/80 blend, it is difficult to find a position whose spectrum is similar to that of pure
PHB. However, a crystalline peak due to the CdO stretching band is observed at 1718 cm-1. This means
that PHB crystallizes as very small spherulites or immature spherulites under such blend ratio. 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 lowering 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.

Introduction
Poly(3-hydroxyalkanoate)s (PHAs) are biologically

synthesized polyesters produced by microorganisms and
are consequently subjected to biodegradation by bacteria
in the soil.1-8 Among PHA polymers, poly(3-hydroxy-
butyrate) (PHB) is one of the most well-studied bacterial
polyesters. The chemical structure and physical proper-
ties of PHB are fairly similar to those of certain
petroleum-based synthetic polymers. Therefore, PHB
has been a matter of extensive studies as an environ-
ment-friendly polymeric material. However, the high
crystallinity of PHB makes it rigid and stiff, and thus
PHB is not necessarily well-suited for certain applica-
tions as a commodity plastic. To reduce the excess
crystallinity and improve the overall physical properties
of PHB, copolymers and blends of PHB have also been
investigated.9-16 PHB has been blended with nonbio-
degradable polymers as well as biodegradable polymers.
For example, Marthscelli et al.13,14 investigated thermal
and crystallization behavior of PHB blended with poly-
(ethylene oxide) (PEO), ethylene-propylene rubber

(EPR), and poly(vinyl acetate) (PVAc). They also studied
radial growth rate of PHB spherulites in the blend.
PHB/PEO blends and PHB/PVAc blends are miscible
because both blends show single glass transition tem-
perature, a depression of the melting temperature, and
the radial growth rate of PHB spherulite. PHB/EPR
blends are deemed immiscible because the radial growth
rate of PHB in the blend is independent of the EPR
content. Azuma et al.15 analyzed the thermal behavior
and miscibility of PHB blends with biodegradable
synthetic polymer, poly(vinyl alcohol) (PVA). Their
results indicated that melting temperatures of PHB and
PVA in the blend are lower than those found for pure
PHB and PVA. The melt temperature remains almost
unchanged as the PVA content increases, and the
miscibility of the blend is enhanced with the increase
in the PVA content. Gassner and Owen16 explored the
physical properties and morphologies of PHB blended
with poly(ε-caprolactone) (PCL).16 Melting points of both
components in the blend shift to lower temperatures
depending on the blending ratio, and their structures
also have different layered appearances depending on
the blending ratio.

Poly(L-lactic acid) (PLLA) is one of the chemically
synthesized polyesters.8,17-19 It can be readily degraded
by hydrolysis under mild conditions to lactic acid, which
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is a common biodegradable organic acid naturally
present even in the human body. Therefore, PLLA is
also a very important environment-friendly polymeric
material. PLLA is superior to many other biodegradable
polyesters in terms of thermal and mechanical proper-
ties and transparency of the processed materials. There-
fore, PLLA is used in biomedical applications, such as
surgical sutures and implants,20 drug delivery sys-
tems,21,22 and bone fixation.23 PLLA is also blended with
other polymers. Baer et al.24-26 investigated the crystal-
lization and morphology of blends comprising PLLA
with different stereoregularity and poly(ethylene glycol)
(PEG). PLLA/PEG blends have lower modulus and
increased fracture strain compared to those of pure
PLLA. The amorphous part of the blend with 30 wt %
PEG is separated into a rigid PLLA-rich region and a
less rigid PEG-rich. The stereoregularity of PLLA
significantly affects the miscibility of PLLA/PEG blends.
PLLA is also blended with starch, and the thermal and
mechanical properties of such blends have been inves-
tigated. The additives, like talc and methylenediphenyl
diisocyanate, are known to enhance the mechanical
properties and increase the crystallization rate of
PLLA.27,28

The miscibility and crystallinity of binary blends of
PHB and PLLA have been investigated.29-32 The mis-
cibility of PHB/PLLA blends depends on the molecular
weight of PHB, and the crystallinity and growth rate
of spherulite of PLLA are related with the addition of
the low molecular weight PHB component.29,31 Zhang
et al.32 analyzed the miscibility, crystallization, and
morphology of PHB/PLLA blends by using polarized
light microscopy, differential scanning calorimetry (DSC),
and scanning electron microscopy (SEM) and indicated
that the blend properties are affected by the blending
ratio of PHB/PLLA.

The purpose of the present study is to investigate the
structure, dispersibility, and crystallinity of environ-
ment-friendly polymers. PHB, PLLA, and their blends
are investigated by using Fourier transform infrared
(FT-IR) microspectroscopy and DSC. DSC gives infor-
mation about thermal properties such as crystallization
temperature, melting point, glass transition tempera-
ture, and so on.32-34 IR spectroscopy enables one to
explore the structure and interaction of molecules at the
functional group level. Therefore, IR spectroscopy has
extensively been used to elucidate the crystalline and
amorphous structures of polymers.34-40

We have investigated the structure and thermal
behavior of PHB and its copolymer poly(hydroxybuty-
late-co-hydroxyhexanoate) (PHB-co-HHx) (HHx ) 2.5,
3.4, and 12 mol %) by using IR spectroscopy and wide-
angle X-ray diffraction.41,42 We found that there is an
inter- and intramolecular C-H‚ ‚ ‚O hydrogen bond
between the CdO group and the CH3 group in PHB and
P(HB-co-HHx). It is very likely that a chain of the C-H‚
‚ ‚O hydrogen bond pair links two parallel helical
structures in the crystalline parts. The weakening of
the C-H‚ ‚ ‚O hydrogen bonds starts from just above
room temperature, leading to the deformation of helical
structures. We also explored the thermal behavior and
intermolecular interactions of the poly(L-lactide) (PLLA)
and poly(L-lactide)/poly(D-lactide) (PLLA/PDLA) stereo-
complex by using IR spectroscopy.43,44 It has been
revealed that PLLA, PLLA/PDLA stereocomplex, and
PHB have quite different C-H‚ ‚ ‚O interactions.44

In the case of polymer blends such as PHB/PLLA
blends, the structure, distribution, and crystallinity of
each blend component must be investigated separately
in detail. For such purpose, microspectroscopy is very
useful because it enables one to selectively explore the
spherulite and amorphous regions of polymer blends.

In this study, four kinds of PHB/PLLA blends with
the PLLA content ranging from 20 to 80 wt % have been
investigated to elucidate the dispersibility and the
structural details of PHB/PLLA blends. IR microspec-
troscopy reveals the development of spherulite structure
of PHB in the PHB/PLLA blends. It is found that PHB
crystallizes in any blends and that the crystalline
structure of PHB in the 20/80 blend is different from
those of other kinds of blends. PHB crystallizes as very
small spherulites or immature spherulites under such
blend ratio. The fusion peaks of DSC curve for PHB and
PLLA do not shift in any blends, and the recrystalliza-
tion peak for PLLA shifts to a lower temperature in the
20/80 blend. These DSC results indicate the nonisother-
mal crystallization rate of PLLA in the 20/80 blend is
larger than that of pure PLLA.

Experiment
Preparation of Blends. PHB and PLLA were obtained

from the Proctor and Gamble Co. and Shimadzu Corp.
(LACTY5000). Blends of PHB and PLLA were prepared by
dissolving them together in hot chloroform and then casting
the solution on an aluminum dish as a film. To evaporate the
solvent completely, the films were kept at 60 °C in a vacuum-
dried oven for 12 h and cooled to room temperature. For the
measurements of polarized light microscopy and FT-IR mi-
crospectroscopy, the blend films were pretreated by using a
Mettler-Toledo FP82HT hot stage. The blend films were heated
to 190 °C, kept at this temperature for 3 min, and then cooled
to 60 °C. The films were kept at this temperature for 12 h,
and finally, they were cooled to room temperature. The
blending ratios of PHB/PLLA were 20/80, 40/60, 60/40, and
80/20 by weight. Thicknesses of the blend films were 150-
200 µm.

Polarized Light Microscopy. Polarized light microscopy
images were obtained with an Olympus BX51 polarizing
optical microscope attached with a Smith Detection Illumi-
natIR FT-IR microspectrometer. The cross-polarized images
of samples were viewed with transmitted light (diascopic)
illumination. Visible light was focused on the surface of films
of PHB, PLLA, and their blends so that we could obtain
polarized light microscopy images from the surface.

FT-IR Microspectroscopy. The IR spectra were measured
with the above FT-IR microspectrometer equipped with a
mercury cadmium telluride (MCT) detector. Micro-IR spectra
were collected at a 4 cm-1 spectral resolution by attenuated
total reflection (ATR) mode, and 512 scans were coadded. The
ATR element used was made of type II diamond (refractive
index is 2.42) with the incident angle of 45°. The spatial
resolution was 12 µm diameter.

IR transmission spectra were measured with a Thermo
electron Nexus 470 spectrometer equipped with a MCT detec-
tor. They were collected at a 4 cm-1 spectral resolution, and
64 scans were coadded. The temperature of sample was
controlled by using a temperature controller unit (model
LT230, CHINO). The blend samples for the IR measurement
were prepared by casting their chloroform solutions on CaF2

plates.
Differential Scanning Calorimetry (DSC). DSC mea-

surements were performed on a Perkin-Elmer Pyris6 DSC
system over a temperature range from 20 to 200 °C at heating
and cooling rates of 2 °C /min. The analysis of DSC curves for
both the heating and cooling processes was carried out for the
second run data.

Chemometrics. The Sirius software (Pattern Recognition
Systems, Bergen, Norway) was employed for the quantitative
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estimation of the PHB content in the PHB/PLA blends. A
calibration model for the estimation of the PHB content was
developed by use of partial least-squares regression (PLSR).
The spectra in the CdO stretching vibration region (1850-
1650 cm-1) were used for the chemometrics analysis.

Results and Discussion
Micro IR Spectra of PHB and PLLA and IR

Spectra of Their Crystalline and Premelt States.
Parts A and B of Figure 2 respectively show polarized
light microscopy images of PHB and PLLA films at room
temperature. The penetration depth for the ATR mea-
surements in the present conditions was ca. 2 µm at
1000 cm-1 where the penetration depth is deepest. In
our previous study, we compared ATR spectra of a PHB

film with its transmission spectra and found that the
surface region of the film sample contains more crystal-
line parts than its inside.46 However, the molecular
structure of PHB in the crystalline parts should not
change between the surface region with 1-2 µm depth
and the inside.

Parts A and A′ of Figure 3′ respectively show micro-
ATR/IR spectra in the regions of 1850-1650 and 1500-
1000 cm-1 of PHB. Parts B and B′ of Figure 3′ depict
those of PLLA. Table 1 summarizes band assignments
of the IR spectra of PHB and PLLA based on refs 38,
39, 41, and 43. The assignments of PHB are also
compared to those of PLLA because the chemical
structure of PHB is similar to that of PLLA. The spectra
of two different positions (one is a small spot with a
diameter of 10 µm that looks black and another is the
center of spherulite structure, position 1 and 2, respec-
tively) of a PHB film yield very similar peak intensities
and frequencies in the CdO stretching band region
(1800-1700 cm-1) and the C-O-C and C-C stretching
and CH deformation band region (1300-1000 cm-1

region). Both spectra have the similar appearance
typical of PHB crystalline spectrum. We investigated
the CdO stretching bands of the crystalline and amor-
phous parts of PHB by measuring temperature-depend-
ent IR spectra of PHB.41 It was found that PHB shows
two major CdO stretching bands at 1740 and 1723 cm-1

due respectively to the amorphous and crystalline
states. Thus, the observations in Figure 3A suggest that
both positions consist largely of crystalline structure
with minor amorphous component.

Spectra of PLLA samples show double peaks at 1752
and 1744 cm-1 due to the CdO stretching modes (Figure
3B,B′). The higher frequency band is stronger in the
spectrum of a position that is the center of spherulite
structure (position 1), while the lower one is more
intense in the spectrum of another position where
spherulite structures are not observed (position 2). We
observed in the isothermal crystallization study of PLLA
at 220 °C that the intensity of the higher frequency band
increases, whereas that of the lower one decreases,
during the crystallization process.44 The present result
is in a good agreement with the result obtained for the
isothermal crystallization study. It is noted that a band
at 1265 cm-1 due to the C-O-C stretching and CH
deformation coupling mode of position 1 of PLLA is
weaker than the corresponding band of the spectrum
of position 2, while bands at 1179 and 1125 cm-1 due
to the C-O-C stretching and CH3 rocking modes of
position 1 are stronger than the corresponding bands
of the position 2. Therefore, it is concluded that the
micro-IR spectrum of position 1 reflects the highly
crystallized parts of PLLA, while that of position 2 is
due to the much less crystallized part of PLLA. In fact,
because of the higher Tg (59 °C) of PLLA, the overall
crystallinity of the solution-casted film of PLLA pre-
pared at 60 °C is very much lower that of PHB, which
has low Tg (-6 °C). Our polarized light microscopy and
micro-IR spectra clearly show that the perfect and
homogeneous spherulite structure is formed in the PHB
film, while less ordering and inhomogeneous structures
exist in the PLLA film. To investigate the observed
spectral differences between two positions in PHB and
PLLA, we measured IR spectra for the premelt and
crystalline states of PLLA and PHB.

Figure 4 shows the IR transmittance spectra of the
premelt and crystalline states of PHB and PLLA. The

Figure 1. Chemical structures of PHB and PLLA.

Figure 2. Polarized light microscopy images of cast films of
PHB and PLLA at room temperature: (A) PHB, (B) PLLA.

Macromolecules, Vol. 38, No. 15, 2005 Poly(hydroxybutyrate)/Poly(L-lactic acid) Blends 6447



IR spectra of the premelt and crystalline states were
collected at 173 °C and room temperature for PHB and

at 170 °C and room temperature for PLLA. The PHB
and PLLA samples at room temperature were prepared
by cooling the corresponding melt samples gradually
from 190 °C. Since the premelt states of PHB and PLLA
consist largely of the amorphous components, the micro-
IR spectra of mostly amorphous regions of PHB and
PLLA may be compared with the corresponding premelt
spectra. On the other hand, the annealed samples are
largely composed of crystalline spherulites; thus, the
micro-IR spectra of spherulite structure may be com-
pared with the spectra of the annealed samples. Com-
parison between the spectra in Figures 3 and 4 reveals
that it is difficult to measure the spectrum of an
amorphous part of the PHB film because of its high
crystallinity. However, the difference observed between
the spectra of two different positions of PLLA (Figure
3B,B′) is similar to those between the spectra of the
premelt and crystalline states (Figure 4B,B′).

Macro-IR Spectra of PHB/PLLA Blends. Figure
5 depicts polarized light microscopy images of the four
kinds of PHB/PLLA blends. The large spherulite struc-
tures are observed for the 80/20, 60/40, and 40/60
blends. However, the polarized light microscopy image
of the 20/80 blend is quite different from those of other
blends. Noda et al.45 observed that the particle size of
PHA in PLLA tends to be small if the PHBHx content
is small (i.e.,<20%), and it can become below 2 µm.
Under such particle size, the rate of crystallization
becomes very slow for PHA due to the size effect.
Discernible spherulite structure of PLLA is not found
in any of the PHB/PLLA blends investigated. This result
indicates that PLLA exists as amorphous or very tiny

Figure 3. Micro-IR spectra of two different positions of PHB and PLLA: (A) PHB (1850-1650 cm-1), (A′) PHB (1500-1000
cm-1), (B) PLLA (1850-1650 cm-1), (B′) PLLA (1500-1000 cm-1).

Table 1. Wavenumbers (cm-1) and Assignments of the IR
Bands of PHB and PLLAa

PHB PLLA

1752 CdO stretching (C)
1747 CdO stretching (A)
1744 CdO stretching (A)
1718 CdO stretching (C)
1450 CH3 asymmetric

deformation
CH3 asymmetric
deformation

1380 CH3 symmetric
deformation

CH3 symmetric
deformation

1356 CH deformation and CH3
symmetric deformation

CH deformation and CH3
symmetric deformation (C)

1289 CH deformation (C)
1276 C-O-C stretching (C)
1271 C-O-C stretching (A)
1265 C-O-C stretching + CH

deformation (A)
1260 C-O-C stretching + CH

deformation (C)
1258 C-O-C stretching + CH

deformation
1227 C-O-C stretching (C)
1224 C-O-C stretching (A)
1210 C-O-C stretching (C)
1179 C-O-C stretching C-O-C stretching
1130 CH3 rocking
1125 CH3 rocking
1100 C-O-C stretching
1080 C-O-C stretching
1054 C-O stretching
1044 C-CH3 stretching C-CH3 stretching

a A ) amorphous; C ) crystalline.
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and immature spherulite structures.32 Too tiny spheru-
lite structures are not observed by polarized light
microscopy due to insufficient spatial resolution.

Figure 6 shows IR spectra of the 80/20, 60/40, 40/60,
and 20/80 blends. These spectra are also collected with
the ATR mode. The measurement spot size for these
spectra was 1.5 mm, and thus, these spectra are macro-
IR spectra. As can be seen in Figure 6, the intensity
ratio of two major CdO stretching bands at 1752 and
1718 cm-1 due to PLLA and PHB, respectively, changes
with the blending ratio. Therefore, each blend sample
contains each component corresponding to the blending
ratio.

Micro-IR Spectra of PHB/PLLA Blends. Figure 7
shows micro-IR spectra of the 80/20, 60/40, 40/60, and
20/80 blends. For the comparison of spectra, the IR
spectra of the blends and those of pure components
(PHB or PLLA) are shown by solid and broken lines,
respectively. The IR spectra of positions, where spheru-
lite structures are observed (position 1), of the 80/20,
60/40, and 40/60 blends are very similar to that of PHB.
The CdO stretching band of such positions appears at
1718 cm-1, and that of other positions, where are not
observed spherulite structures (position 2), appears at
1718, 1744, and 1755 cm-1. The latter two bands are
assigned respectively to the amorphous and crystalline
bands of PLLA.44 Bands in the C-O-C and C-C
stretching and the CH deformation mode region (1300-
1000 cm-1) of position 1, of the 80/20, 60/40, and 40/60
blends are observed at almost the same wavenumbers
as those of pure PHB. Thus, it seems that only the
mostly amorphous region of the blend sample includes
PLLA component. It is also noted that there is no peak
shift in the IR spectra between the spherulite of the

blends and of pure PHB. Table 2 summarizes the
wavenumbers and assignments of IR bands observed
for two different positions of the 40/60 blend, where
spherulite structures are observed (position 1) and those
are not observed (position 2). The wavenumbers and
assignments for the 80/20, 60/40, and 20/80 blends are
almost identical with those of the 40/60 blend. Peak
shifts are not observed for either PHB or PLLA bands
in all the blends investigated. These results indicate
that PHB and PLLA are most likely immiscible in the
blends and that there are no strong molecular interac-
tions between PHB and PLLA. This observation sup-
ports the view that the spherulite structures observed
in the polarized light microscopy images are due to PHB.

The IR spectra of (position 2) in the blends contain
contributions from both PHB and PLLA. The percent-
ages of the contributions from PHB and PLLA depend
on the blending ratio. For the 80/20 blend, although the
PHB content is high, the spectrum of such positions
include substantial contribution by bands due to PLLA
(Figure 7A). The CdO stretching bands of such positions
of the 80/20 blend appear at 1718, 1744, and 1755 cm-1.
The appearance of the band at 1718 cm-1 indicates that
such positions contain a small contribution from crys-
talline PHB. The latter two bands are assigned to the
amorphous and crystalline bands of PLLA, and one of
the C-O-C stretching bands of PLLA is identified at
1084 cm-1.

For the 20/80 blend, which did not have the observ-
able PHB spherulites, we show two spectra obtained
from different positions (position 1 and 2) (Figure
7D,D′). Note that both spectra show the CdO stretching
bands at 1718, 1744, and 1755 cm-1, although the
relative intensities of the three bands are quite different

Figure 4. IR spectra of premelt and crystalline states of PHB and PLLA: (A) PHB (1850-1650 cm-1), (A′) PHB (1500-1000
cm-1), (B) PLLA (1850-1650 cm-1), (B′) PLLA (1500-1000 cm-1).
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between the two spectra. Micro-IR spectra measured in
some spots are similar to the pure PLLA spectrum. Such
spectra also have a CdO stretching band at 1718 cm-1

ascribed to crystalline PHB. It means that the small
crystalline structure of PHB still exists in the 20/80

blend although no observable spherulite crystal can be
found under polarized light microscopy. They show the
C-O-C stretching band of PHB at 1224 cm-1 and that
of PLLA at 1082 cm-1 (Figure 7D′). From these results,
we conclude that the 20/80 blend also has an inhomo-
geneous structure.

Prediction of PHB Contents in the Blends by
Chemometrics. Figure 8 shows a PLSR calibration
model for the prediction of the PHB content in the PHB/
PLLA blends. The PLSR calibration model was devel-
oped by use of the macro-IR spectra in the CdO
stretching region of the blends shown in Figure 6 to
predict the PHB content (%) in the blends. The regres-
sion coefficient (R) and the standard error of prediction
(SEP) of the PLSR model were 0.9908 and 5.84, respec-
tively. After the development of the calibration model,
the micro-IR spectra were adapted to the calibration
model to predict the contents of PHB. The estimated
PHB ratios and their deviations are listed in Table 3.
As can be seen in Table 3, the estimated PHB contents
in positions, where spherulite structures are observed

Figure 5. Polarized light microscopy images of cast films of PHB/PLLA blends: (A) PHB/PLLA ) 80/20, (B) PHB/PLLA ) 60/40,
(C) PHB/PLLA ) 40/60, (D) PHB/PLLA ) 20/80.

Figure 6. Macro-IR spectra of PHB/PLLA blends.
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Figure 7. (A, B, and C) Micro-IR spectra of two different positions of PHB/PLLA blends: (A) PHB/PLLA ) 80/20 (1850-1650
cm-1), (A′) PHB/PLLA ) 80/20 (1500-1000 cm-1); (B) PHB/PLLA ) 60/40 (1850-1650 cm-1), (B′) PHB/PLLA ) 60/40 (1500-
1000 cm-1); (C) PHB/PLLA ) 40/60 (1850-1650 cm-1), (C′) PHB/PLLA ) 40/60 (1500-1000 cm-1). (D) Micro-IR spectra of two
amorphous parts of PHB/PLLA 20/80 blend: (D) PHB/PLLA ) 20/80 (1850-1650 cm-1), (D′) PHB/PLLA ) 20/80 (1500-1000
cm-1).
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(position 1), of 80/20, 60/40, and 40/60 blends are nearly
100%. However, those in other positions (position 2) of
these blends are lower than the actual blending ratio.
For the 20/80 blend, the estimated contents change with
measurement spots. Some of the estimated contents are
higher than the actual blending ratio, but some others
are lower than that. These results show that PLLA is
localized in the positions where the spherulite struc-
tures are not observed in each blend.

DSC. The samples employed for DSC analysis were
the same films as used for the polarized light microscopy
observations. Figure 9A,B displays the cooling and
heating processes observed in the DSC scans during the
cooling and heating of PHB, PLLA, and their blends.
For the cooling processes of PHB and PLLA (Figure 9A),
the crystallization peak of PHB appears at 107 °C, while
that of PLLA does not appear clearly. From this result,
one can conclude that the crystallinity of PHB is higher

than that of PLLA. The crystallization peak of PHB is
observed for the 80/20 and 60/40 blends, but the
corresponding peak is not observed for the 40/60 and
20/80 blends. This indicates that PHB in the latter two
blends did not crystallize much during the DSC cooling
process. However, the polarized light microscopy images
and micro-IR spectra of the 40/60 blend clearly detect
the spherulite structure of PHB. The spherulite struc-
ture of the 40/60 blend may be generated in the holding
process at 60 °C for 12 h. In Figure 10, the heat of
crystallization, as characterized by the DSC peak areas
in the curves of the cooling process, are plotted as a
function of PLLA content for the blends. The heat of
crystallization of PHB change with the blending ratio.

For the heating processes (Figure 9B), on the other
hand, the fusion peak of PHB appears clearly at 173 °C
as double peaks and that of PLLA appears at 173 °C as
a single peak. There are two possibilities for the origin
of the two peaks in the heating cycle of DSC.47 One is
the melting and subsequent recrystallization of PHB.
The other possibility is that there are two types of
lamellae structures in the crystal. The fusion double
peaks of PHB are also observed for the 80/20, 60/40, and
40/60 blends, but the corresponding double-peak feature
is not observed for the 20/80 blend. Since the fusion
peaks of PHB and PLLA are located almost at the same
temperature, it is difficult for the fusion peaks of the
blends to be distinguished into each component peak.
In this study, there is no change in the melting point of
PHB. Therefore, the double-peak feature of PHB ther-
mogram may correspond to the melting and recrystal-
lization of PHB. The recrystallization peak of pure
PLLA appears at 107 °C. Only the 20/80 blend has a
similar peak at 88 °C. This means that only the 20/80
blend can recrystallize PLLA component and that the
recrystallization temperature of PLLA in the 20/80
blend is much lower than that of pure PLLA. The
lowering of recrystallization temperature suggests that
the nonisothermal crystallization rate of PLLA in the
20/80 blend is faster than that of pure PLLA. It is
reasonable to speculate that PHB forms small finely
dispersed crystals during the cooling process, which may
act as nucleation sites of PLLA. Thus, the nonisothermal
crystallization rate of PLLA in the 20/80 blend becomes
faster than that of pure PLLA in the subsequent heating
processes. On the other hand, PLLA is not crystallized
faster in other blends because PHB forms large spheru-
litic crystals that do not act as efficient nucleation sites
for PLLA.

Table 2. Wavenumbers (cm-1) and Assignments of the IR Bands of PHB/PLLA ) 40/60 Blendsa

position 1 position 2

1752 CdO stretching (PLLA, C)
1744 CdO stretching (PLLA, A)
1718 CdO stretching (PHB,C) CdO stretching (PHB, C)
1450 CH3 asymmetric deformation (PHB) CH3 asymmetric deformation (PLLA)
1377 CH3 symmetric deformation (PHB) CH3 symmetric deformation (PHB)
1356 CH deformation and CH3 symmetric deformation CH deformation and CH3 symmetric deformation
1275 C-O-C stretching (PHB, C) C-O-C stretching (PHB)
1260 CH deformation + C-O-C stretching (PHB) CH deformation + C-O-C stretching (PHB)
1227 C-O-C stretching (PHB, C)
1180 C-O-C stretching (PHB) C-O-C stretching
1129 CH3 rocking (PHB)
1127 CH3 rocking (PLLA)
1097 C-O-C stretching (PHB)
1083 C-O-C stretching (PLLA)
1052 C-O stretching (PHB)
1042 C-CH3 stretching (PHB) C-CH3 stretching (PLLA)

a A ) amorphous; C ) crystalline.

Figure 8. A PLSR calibration model for the prediction of the
PHB ratio in PHB/PLLA blends.

Table 3. Predicted Contents of PHB in Two Different
Positions of PHB/PLLA Blends Estimated by a PLSR

Calibration Model and Their Standard Deviation

predicted PHB
content (%)

standard
deviation (%)

80/20 blend position 1 93.749 8.716
position 2 48.208 8.208

60/40 blend position 1 104.836 9.124
position 2 44.227 8.375

40/60 blend position 1 97.900 8.326
position 2 8.922 8.369

20/80 blend position 1 67.233 8.311
position 2 3.516 8.360
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Conclusion

This study has investigated the structure, dispers-
ibility, morphology, and crystallinity of PHB/PLLA
blends by using FT-IR microspectroscopy and DSC. The
following conclusions can be reached from the present
study. Spatially resolved micro-IR spectra selectively
characterizing the spherulite and predominantly amor-
phous region in PHB/PLLA blends can be obtained. The
spectra in a position, where spherulite structure is
observed, of 80/20, 60/40, and 40/60 blends are very
similar to that of crystallized PHB; thus, the present
IR study has revealed the crystallization of PHB in
these blends. The spectra in another position, where
spherulite structure is not observed, of these blends
contain both PHB and PLLA bands, and peak intensi-
ties of each component change with the blending ratio.
In the case of 20/80 blend, which did not show the
development of observable spherulites, the micro-IR

spectra measured at any positions include contributions
from both PHB and PLLA. The peak intensity ratio of
PHB and PLLA bands varies largely with measurement
position in this blend. These micro-IR results indicate
all the PHB/PLLA blends have inhomogeneous struc-
tures. The crystalline peak area of DSC of PLLA
changes with the blending ratio. The fusion peaks can
be detected for PHB and PLLA. However, the peaks of
PHB and PLLA are observed at almost the same
temperatures, so that it is difficult to estimate the heat
of fusion for each component separately. The recrystal-
lization peak of PLLA can be detected in the 20/80
blend, and the lowering of the recrystallization temper-
ature in the blend suggests that PHB forms some small
crystals that act as the nucleation of PLLA.

It has been confirmed by micro-IR spectroscopy and
DSC that the investigated blends of PHB/PLLA are
immiscible. The spherulite structure of PHB was ob-
served in the blends by FT-IR microspectroscopy. The
crystallization and fusion temperatures of PHB and
PLLA are constant in all the blends. These results also
support the immiscibility of PHB/PLLA blends. Mean-
while, it has been found that the growth of spherulite
of PHB is confined in this 20/80 blend.
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