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ABSTRACT

The miscibility, crystallization and subsequent melting behavior in binary biodegradable polymer blends
of poly(i-lactic acid) (PLLA) and low molecular weight poly(3-hydroxybutyrate) (PHB) have been
investigated by differential scanning calorimetry (DSC), Fourier-transform infrared (FTIR) spectroscopy,
and wide-angle X-ray diffraction (WAXD). DSC analysis results indicted that PLLA showed no miscibility
with high molecular weight PHB (My, = 650,000 g mol~') in the 80/20, 60/40, 40/60, 20/80 composition
range of the PHB/PLLA blends. On the other hand, it showed some limited miscibility with low molecular
weight PHB (M, = 5000 g mol~!) when the PHB content was below 25%, as evidenced by small changes
in the glass transition temperature of PLLA. The partial miscibility was further supported by changes of
cold-crystallization behavior of PLLA in the blends. During the nonisothermal crystallization, it was found
that the addition of a small amount of PHB up to 30% made the cold-crystallization of PLLA occur in the
lower temperature. Meanwhile, the crystallization of PHB and PLLA was observed in the heating process
by monitoring characteristic IR bands of each component for the low molecular weight PHB/PLLA 20/80
and 30/70 blends. The temperature-dependent IR and WAXD results also revealed that for PLLA
component crystallization, the disorder (o) phase of PLLA was produced, and that the ¢’ phase changed
to the order (o) phase just prior to the melting point.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In the last decade, considerable attention has been paid to the
biodegradable and biocompatible polymers, because they are
produced from renewable resources and biodegraded back to water
and carbon dioxide after use [1-6]. Poly(3-hydroxybutyrate) (PHB)
is one of the most well-known biosynthesized and biodegradable
aliphatic polyesters and has been extensively studied by many
research groups. However, PHB has some shortcomings, for
example, high crystallinity, brittleness and narrow processing
window, which have prevented its potential applications. To reduce
its excess crystallinity and improve the mechanical properties of
PHB, blending with other polymers is considered to be an easy and
cost-effective way [6-21].

PHB blended with poly(L-lacitic acid) (PLLA) has been attracting
significant interests, because both of them are biodegradable.
Therefore, a considerable number of research works have been
focused on the investigations of the miscibility, crystallization,
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melting behavior, and solid-state structures of PHB/PLLA blends,
with the aim of improving their mechanical properties and the
utility in practical applications [12-21]. Previous studies on PHB/
PLLA blends showed that the miscibility between these two poly-
mers is dependent on the molecular weight of the second
component [12-16]. PHB is miscible with low molecular weight
PLLA (My < 18,000) in the melt over the whole composition range,
whereas the PHB blends with high molecular weight PLLA
(My > 18,000) show biphasic separation [12-14]. Similarly, the
PLLA component is miscible with low molecular weight atactic-PHB
(My =9400) in the melt within the atactic-PHB content up to
50 wt.%, and is immiscible with high molecular weight atactic-PHB
and commercial-grade bacterial PHB [15,16]. However, to the best
of our knowledge, few studies have been reported on the miscibility
of PLLA blended with semi-crystalline low molecular weight PHB.

It is noteworthy that blends of PHB and PLLA belong to the
family of crystalline/crystalline polymer blends. Thus, the crystal-
lization behavior of each component in the PHB/PLLA blends is
dependent on their miscibility, physical properties and crystalli-
zation conditions. For example, the crystallization of one compo-
nent affects the morphology, crystallization, and mechanical
properties of the other. According to the study [12], when the
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miscible PHB/PLLA blends were cooled from the melt, two types of
spherulites were formed, relating to the crystallization of PHB and
PLLA, respectively. The radial growth rate of the PHB-type spher-
ulites was strongly dependent on its composition, decreasing when
the PLLA content increased. Furthermore, the growth rate was
constant for any temperature and composition, suggesting that
PLLA component remained in the interlamellar regions of the PHB
spherulites, and was not excluded from these spherulites. Park et al.
[16] found that the crystallization enthalpy of the PLLA component
in the ultra high molecular weight PHB/PLLA blends was lower than
in the bacterial PHB/PLLA blends.

Fourier-transform infrared (FTIR) spectroscopy is sensitive to
the conformation and local molecular environment of polymers. It
has been used as an indispensable and powerful tool for the analy-
sis and characterization of PHB and PLLA due to their distinct IR
absorption patterns of amorphous and crystalline components
[18-29]. Moreover, IR spectroscopy can be applied to measure
compositional variations in phase-separated structures of various
polymer blends. It characterizes the crystal formation and the dis-
tribution of crystallites within each phase by monitoring changes in
characteristic bands [19-21]. For PHB/PLLA blends, the presence or
absence of a distinct IR absorption band around 1720 cm™! can be
used as a sensitive indicator of the formation of PHB crystals [18].
By using IR microspectroscopy, the spherulitic structures and
nonspherulitic parts of PHB/PLLA blends were characterized
[19,20]. The results suggested that PHB crystallizes in all the blends,
nevertheless, the crystalline structures of PHB in the 80/20, 60/40,
40/60 PHB/PLLA blends were different from that of the 20/80 blend.
Recently, by adjusting the molecular weight of PLLA component in
PHB/PLLA blends, the stepwise and simultaneous crystallization
behavior of the two components in their immiscible and miscible
50/50 blends was investigated by real-time IR spectroscopy [21].
Dynamic analysis disclosed that the crystallization of PLLA pro-
ceeded faster than that of PHB in stepwise and simultaneous
crystallization. However, the final crystallinities of PLLA were
depressed largely by the simultaneous crystallization of PHB [21].
Therefore, it is interesting to investigate the crystallization behavior
of one component affected by the other in the PHB/PLLA blends by
using IR spectroscopy. In the present study, the miscibility of PLLA
blended with a low molecular weight PHB is investigated by
differential scanning calorimetry (DSC). It has been found that PLLA
shows some limited miscibility with low molecular weight PHB
(My=5000gmol~!) when the PHB content is below 25%.
Furthermore, the crystallization and melting behavior of PLLA
blended with a small amount of low molecular weight PHB during
the heating process are explored by monitoring the changes in
characteristic IR bands of each component.

2. Experimental section
2.1. Materials and sample-preparation procedures

Bacterially synthesized PHB (M, = 650,000 gmol~! and M/
M, = 2.2, HMW-PHB) was obtained from the Procter & Gamble
Company, Cincinnati, USA. HMW-PHB was purified by first dissolving
the sample into hot chloroform, and then precipitating in methanol,
and vacuum-drying at 60 °C for 24 h. PLLA (M, = 200,000 g mol 1)
and low molecular weight PHB (M, = 5000 g mol~!, LMW-PHB)
were obtained from Shimadzu Corporation and Polysciences Inc.,
respectively. Chloroform and methanol were purchased from Wako
Pure Chemical Industries, Ltd, Osaka, Japan.

Blends of PHB and PLLA with various compositions were
prepared by dissolving each component together in hot chloroform.
The solution of both polymers was cast on a KBr window at room
temperature. After the majority of the solvent had been evaporated,
the films were placed under vacuum at room temperature for 48 h

to completely remove residual solvent. Blend samples were heated
to a temperature at 195 °C for 2 min to remove any nuclei in them
and subsequently quenched into liquid nitrogen to get amorphous
samples used for crystallization study.

2.2. DSC measurement

Thermal analysis was carried out with a Perkin Elmer Pyris 6
apparatus, under a nitrogen purge. High purity indium and zinc
were used for temperature calibration and indium standard was
used for calibration of the heat of fusion (AH). The thermogram was
obtained by heating quenched specimen from —50 to 200 °C at

a heating rate of 10 °Cmin~".

2.3. IR measurement

A KBr window with a blend sample was set on a home made
variable temperature cell, which was placed in the sample
compartment of a Thermo Nicolet Magna 870 spectrometer
equipped with an MCT detector. The spectra of samples were
measured at a 2 cm™~! spectral resolution with 16 scans coadded.
For the crystallization and melting process study, the heating rate
of 2°Cmin~! was used.

2.4. WAXD measurement

To investigate the crystalline structure of the blend samples,
wide-angle X-ray diffraction measurement was carried out on Rigaku
RINT2100 system by using Cu Ko radiation (4= 0.15418 nm, 50 kV,
40 mA)in the scattering angle range of 26 = 11-21° at a scan speed of
1°/min. The temperature was increased at a rate of ca. 2 °C min~' and
WAXD data were recorded at every 10 °C ranging from 30 to 180 °C.
Before each WAXD measurement, the cell was maintained at that
temperature for 5 min to make the sample equilibrated.

3. Results and discussion
3.1. DSC analysis of thermal properties of PHB/PLLA blends

The difference in the glass transition temperatures (Tgs)
between neat PHB (around 0 °C) and neat PLLA (around 60 °C) is
about 60°C, and then the miscibility can be determined by
measuring the T of these two components [30]. Fig. 1a and b shows
the DSC thermograms of melt-quenched PLLA blended with HMW-
PHB and LMW-PHB, respectively. It has been found that neat PLLA
exhibits a glass transition around 60 °C, a broad cold-crystallization
peak at 100-150°C and a melting peak at about 172 °C. Neat
HMW-PHB exhibits a glass transition around 4 °C, meanwhile,
a sharp exothermal peak and a melting peak are observed at 50 °C
and 175 °C, respectively, suggesting that PHB crystallizes more
rapidly at a lower temperature as compared with PLLA. In a similar
manner, LMW-PHB also crystallizes rapidly and yields an
exothermal cold-crystallization peak around 50 °C. Expectedly, its
melting point is lower than that of HMW-PHB, and double melting
peaks appear, suggesting that molecular weight has effect on
multiple melting behavior of PHB [31,32].

As can be seen from Fig. 1, the glass transition region of PLLA is
very close to the position of the exothermal peak of PHB. Therefore,
the confirmation of the occurrence of glass transition temperature
(Tg) of PLLA in such blends is rather difficult. However, it is noticed
that when PLLA is blended with HMW-PHB, T; of the PHB
component remains almost unchanged over the whole range of the
weight fraction of the PLLA component. In addition, two cold-
crystallization peaks, respectively, corresponding to HMW-PHB
and PLLA components are observed in all the blend samples. The
exothermal peak of the PLLA component shifts slightly to higher
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Fig. 1. DSC thermograms of (a) HMW-PHB/PLLA blends and (b) LMW-PHB/PLLA

blends obtained from the second heating run with a heating rate of 10 °Cmin ",

temperature with PHB weight fraction decreasing. These observa-
tions suggest that the binary blends are, indeed, immiscible, which
is consistent with the results of previous studies [13,14,16]. In the
case of LMW-PHB/PLLA blends, with increasing PLLA content up to
60%, the blends show two cold-crystallization peaks as well as one
distinct Ty in DSC measurement at about 2 °C which is close to that
of neat PHB. Compared with the HMW-PHB/PLLA blends, the cold
crystallization of the PLLA component occurs at lower temperature
with higher crystallization enthalpy. However, for the LMW-PHB/

PLLA blend of 20/80, only T, of PLLA can be observed, which is lower
compared with that of neat PLLA. Especially, the exothermal cold-
crystallization peak of PHB could not be detected, and that of PLLA
shifts to lower temperature together with sharper shape. So it is
possible that LMW-PHB shows some limited miscibility with PLLA
in the LMW-PHB/PLLA 20/80 blend.

For further analysis, the DSC thermograms of melt-quenched
PLLA blends with LMW-PHB with its content at every 5% between 5
and 30%, and the corresponding transition temperatures about
glass transition (Ty), cold crystallization (T¢) and a small exothermal
peak (Tcs) of PLLA, respectively, are shown in Figs. 2 and 3. It can be
seen that T; and T; of PLLA decrease with PLLA fraction changing
from 95% to 75%, together with the shaper shape of cold-crystalli-
zation peak, which shows different situations with those of PLLA
blended with higher LMW-PHB content. Generally, T. must occur at
a temperature above the T where the crystallizable polymer
chains possess enough segmental mobility to crystallize. Accord-
ingly, a lower T with larger molecular mobility should be accom-
panied by the lower T [33]. A small exothermal peak, labeled as S,
appears just below the melting point, and its value also decreases.
However, the peak S cannot be observed in the DSC curves of neat
PLLA. A recent study by Ling and Spruiell [32] showed that the
appearance of this peak depends on a heating rate. It was suggested
that at a lower heating rate, the cold crystallization requires longer
time to complete, and the crystals formed are more stable. Thus,
the onset of melt recrystallization would not strongly compete with
the cold crystallization, and recrystallization occurs primarily in the
neighborhood of the peak S. On the other hand, at a higher heating
rate, the initially formed crystals are less stable and begin to
recrystallize immediately during the cold crystallization, yielding
as an overall broad peak, but no S peak. In the present study, this
peak can be observed even at a higher heating rate (10 °C/min). It
suggests that the addition of a small amount of LMW-PHB facili-
tates the cold crystallization of PLLA, and makes the recrystalliza-
tion occur just prior to the melting point. The above results suggest
that LMW-PHB shows some limited miscibility with PLLA when

Endo

-50 0 50 100 150 200
Temperature (°C)

Fig. 2. DSC thermograms of PLLA blended with a small amount of LMW-PHB obtained

from the second heating run with a heating rate of 10 °C min~—.
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Fig. 3. Transition temperatures of (a) Tg, (b) T, and (c) T as a function of PLLA weight fraction obtained from Fig. 2.

LMW-PHB content is at or below 25%, whereas LMW-PHB shows
no miscibility with PLLA in the amorphous state for the blends
containing PHB content higher than 30%. According to the previous
studies [12-14], PLLA with low molecular weight (below
M,y = 18,000) was miscible with PHB in the melt state over the
whole composition range. On the other hand, PLLA and low
molecular weight atactic-PHB (M,, = 9400) are miscible in the melt
at 200 °C within the atactic-PHB content up to 50 wt.% [15].
Comparison with these studies suggests that the miscibility in PHB/
PLLA blends is not strongly dependent on the molecular weight of
semicrystallizable PHB.

3.2. Composition-dependent IR spectra of LMW-PHB/PLLA blends

Fig. 4 shows FTIR spectra of LMW-PHB/PLLA blends with various
PHB contents solvent-cast and crystallized at room temperature in
the regions of 1810-1660 and 1500-800 cm ™. PHB and PLLA are
semi-crystalline polymers, and thus their spectral profiles are
greatly affected by their corresponding physical states and crys-
talline structures. For PHB, the bands at 1740 and 1723 cm™! are,
respectively, ascribed to the C=O0 stretching modes of the amor-
phous and crystalline parts, those bands at 1291, 1279, and
1263 cm™! are ascribed to the stretching vibrations of the C-O-C
groups, and the band at 1228 cm~! due to the CH, wagging and

1759
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80/20
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180017601720 1680 1500 1400 1300 1200 1100 1000 900 800
Wavenumber (cm-1)

Fig. 4. FTIR spectra of LMW-PHB/PLLA blends with various compositions measured at
room temperature in the regions 1810-1660 cm ' and 1500-800 cm ™.

twisting modes [22-25]. As for PLLA, the band around 1759 cm™! is
assigned to the C=0 stretching mode [26]. In this sample-prepa-
ration conditions, PLLA remains in the amorphous state, while PHB
is in the semi-crystalline state. It is interesting to note that, in the
blends with compositions of LMW-PHB/PLLA = 80/20-40/60, the
crystalline sensitive bands of PHB dominates, for example, those at
1723, 1291, 1279, 1263, and 1228 cm™ !, even though their intensi-
ties decrease. Nevertheless, the amorphous bands of PLLA domi-
nate for the LMW-PHB/PLLA = 30/70-10/90 blends, indicating that
the crystallinity of the blends decreases as the PLLA content
increases. Although there are some overlapping of C=0 stretching
bands between PHB and PLLA, the crystalline band of PHB centered
around 1723 cm™! can be used as an indicator of the formation of
PHB crystals. As can be seen from Fig. 4, an abrupt decrease in the
intensity of the crystalline C=0 band of PHB occurs when the
composition of the LMW-PHB content is equal to or below 30%.
However, the appearance of this band still can be detected from the
original spectra, which indicates that PHB can crystallize even at
a relatively low content when the blends are prepared by solvent
casting. Besides the band at 1723 cm™}, there are also a number of
C-C stretching bands located in the 1000-800 cm ™! regionwhich can
also be used to indicate the spectral variations with blend compo-
sition changes. An obvious peak shift or an appearance of a new
band cannot be detected in the IR spectra of these blends, suggesting
that it is not a strong inter- or intramolecular interaction that causes
the partial miscibility between the LMW-PHB/PLLA blends.

3.3. Nonisothermal crystallization and subsequent melting
behavior

It is interesting to investigate how the two components of the
blends crystallize, and how the crystallization of one component
influences the other since both of them are semicrystallizable poly-
mers. As described above, the crystallization and melting behavior of
each component in LMW-PHB/PLLA blends can be investigated by
monitoring changes in the characteristic IR bands. Fig. 5 shows IR
spectra of PLLA blended with 0%, 10%, 20% and 30% of LMW-PHB
contents measured at room temperature. These blend samples were
prepared by first melting, followed by quenching in liquid nitrogen,
and then their IR spectra measured at room temperature. One can
easily see that the crystalline band of PHB at 1723 cm™! cannot be
observed, suggesting that it is difficult for a small amount of PHB to
crystallize in the quenched sample blends. It turns out that PHB
particles in the PLLA matrix at low levels are not crystallized and
remain in the amorphous state at room temperature |[18].
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The thermal behavior of each component in the blends with
varying temperature was further investigated by real-time FT-IR
spectroscopy. Fig. 6 displays temperature-dependent IR spectra of
PHB (a, b) and LMW-PHB/PLLA 20/80 blend (c, d) in the range of
1820-1680 cm™! collected during the heating process from 35 to
185 °C at a heating rate of 2°Cmin~L In this spectral region, the
characteristic C=0 stretching bands of PLLA and PHB around 1759
and 1723 cm™!, respectively, are very sensitive to their crystal
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structure. Obviously, the appearance of the band at 1723 cm™!
suggests that the crystallization of PHB occurs in the blends during
the heating process. Therefore, the structural changes of each
component in the blends during the heating process can be
monitored by plotting the normalized intensity changes of the
C=0 bands at 1759 and 1723 cm~! obtained from the difference
spectra as a function of temperature, as depicted in Fig. 7a and b. It
is easy to see that the intensity changes of »(C=0) band at
1759 cm™~! (Fig. 7a) show similar trends for different samples with
various LMW-PHB fractions, which reflect the complex thermal
behavior of PLLA in the blends. Firstly, the intensity of the band at
1759 cm ™! slightly detrends in the temperature of 40-60 °C for the
LMW-PHB/PLLA 20/80 and 30/70 blend samples, and 60-80 °C for
neat PLLA and the 10/90 blend sample. Taking into consideration
the previous DSC results and other works [34,35], such an intensity
change may be attributed to the glass transition of PLLA. Secondly,
there is an obvious increase in the intensity of the band at
1759 cm~! in the temperature range from 65 to 95 °C. This result
strongly suggests that the cold crystallization of PLLA occurs here.
Interestingly, as the PHB fraction increases in the blends, the
starting temperature of cold crystallization shifts to a lower
temperature, but it shows little change when the PHB content is
further increased up to 30%. This indicated that the addition of
a small amount of PHB component (i.e., 10 and 20%) facilitated the
occurrence of PLLA cold crystallization in the binary blends. Finally,
there is an obvious transition of the C=0 band in the temperature
range from 150 to 165 °C. In this temperature range, the intensity of
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Fig. 6. FTIR spectra in the range 1850-1650 cm ™! of (a, b) PLLA and (c, d) LMW-PHB/PLLA 20/80 blend collected during heating from 35 to 185 °C at an interval of 10 °C.
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the band at 1759 cm~! abruptly shows a clear deviation, strongly
suggesting that the recrystallization or phase transition occurs
here. Subsequently, the enormous spectral changes occur when the
sample is heated from 165 to 175 °C as shown in Fig. 7a, suggesting
the melting of PLLA crystals. As for the transition occurring from
150 to 165 °C, it corresponds to the small exothermic peak in the
DSC curve detected just prior to the melting peak of PLLA [27].
Recently, Zhang et al. [27,28,36,37] carried out a series of studies on
the thermal behavior of isothermally crystallized PLLA samples at
different crystallization temperatures. They suggested that the
exotherm is associated with the first-order-type disorder-to-order
(o/-to-a) phase transition based on the WAXD, DSC and IR analysis
results. Considering these results, it is postulated that o’ crystals of
PLLA are formed during the heating of PHB/PLLA blends.

For further analysis of PLLA crystal formation, Fig. 8a and
b exhibits the WAXD profiles of quenched PLLA and LMW-PHB/
PLLA 20/80 blend samples measured every 10 °C in the heating
process from 30 to 180 °C. The WAXD profiles measured at 30 °C
clearly reflect that both PHB and PLLA are in the amorphous state.
As can be seen from Fig. 8a, as temperature increases to 80 °C, the
two reflections of 200/110 and 203 are observed, indicating the
formation of PLLA crystals. Besides these two reflections of PLLA
crystal, the reflection of 020 is observed for the 20/80 blend, sug-
gesting the formation of PHB crystals. For both samples, with
increasing temperature prior to 150 °C, the peak position of the
observed reflections shifts to lower angle side due to the thermal
expansion of the lattice. In the temperature ranging from 150 to
160 °C, the 200/110 and 203 reflections shift remarkably toward the
higher angle. Referring to the literature [37], the result demons-
trates that there is a first-order transition of the two phases (o'-to-a.)
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Fig. 8. Temperature-dependent WAXD profiles of (a) PLLA and (b) LMW-PHB/
PLLA = 20/80 blend collected in the heating process from 30 to 180 °C at an interval of
10°C.

in this temperature range. The WAXD results are in agreement
with the present IR results. Furthermore, the appearance of two
reflections of PLLA crystal is observed at 70 °C for the 20/80 blend,
suggesting that the crystal formation of PLLA in the 20/80 blend
occurs at a lower temperature than that of neat PLLA.

The thermal behavior of PHB can also be monitored by the
intensity changes of the band at 1723 cm™!, as shown in Fig. 7b. It is
found that the cold crystallization of PHB occurs only in the 20/80
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and 30/70 blends during the heating process, suggesting that the
crystals of PHB and PLLA coexist in them. With the increase in the
PHB content, the starting temperature of cold crystallization of PHB
shows a little shift to a lower temperature. It is noticed that for the
20/80 blend, the crystallization of PHB and PLLA occur almost
simultaneously, nevertheless, that of PHB occurs prior to that of
PLLA for the 30/70 blend. In the subsequent melting behavior, the
melting of PHB crystals in the 30/70 blend occurs prior to that in 20/
80 blend. Similar to PLLA, the intensity of the band at 1723 cm™!
shows a clear deviation around 127 °C for 30/70 blend, suggesting
that the recrystallization process occurs here.

4. Conclusions

The miscibility, crystallization and melting behavior of LMW-
PHB/PLLA blends were investigated by DSC, IR spectroscopy and
WAXD. The results of DSC, especially the change in the glass tran-
sition temperature of PLLA and the remarkable changes of crys-
tallization behavior of PLLA, have suggested that PLLA shows some
limited miscibility with LMW-PHB when the PHB content was
below 25%. During the nonisothermal crystallization, the addition
of LMW-PHB yields a remarkable effect on the cold crystallization
of PLLA in the blends, especially when the PHB content is relatively
low. For the 20/80 and 30/70 blends, two crystals, corresponding to
the crystallization of PHB and PLLA, were observed by monitoring
the intensity changes of individual characteristic IR bands of each
component in the heating process. Additionally, for all the samples,
the disorder (') phase of PLLA was produced in the nonisothermal
crystallization process, which was supported by an obvious
transition associated with the first-order-type disorder-to-order
(o/-to-a) transition occurring around 160 °C.
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