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ABSTRACT: The melting and crystallization behavior and phase morphology of poly(3-
hydroxybutyrate) (PHB) and poly(DL-lactide)-co-poly(ethylene glycol) (PELA) blends
were studied by DSC, SEM, and polarizing optical microscopy. The melting tempera-
tures of PHB in the blends showed a slight shift, and the melting enthalpy of the
blends decreased linearly with the increase of PELA content. The glass transition
temperatures of PHB/PELA (60/40), (40/60), and (20/80) blends were found at about
307C, close to that of the pure PELA component, during DSC heating runs for the
original samples and samples after cooling from the melt at a rate of 207C/min. After
a DSC cooling run at a rate of 1007C/min, the blends showed glass transitions in the
range of 10–307C. Uniform distribution of two phases in the blends was observed by
SEM. The crystallization of PHB in the blends from both the melt and the glassy state
was affected by the PELA component. When crystallized from the melt during the
DSC nonisothermal crystallization run at a rate of 207C/min, the temperatures of
crystallization decreased with the increase of PELA content. Compared with pure PHB,
the cold crystallization peaks of PHB in the blends shifted to higher temperatures.
Well-defined spherulites of PHB were found in both pure PHB and the blends with
PHB content of 80 or 60%. The growth of spherulites of PHB in the blends was affected
significantly by 60% PELA content. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65:
1849–1856, 1997
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INTRODUCTION PHB is representative of a useful range of poten-
tial biodegradable polymers.1,2 However, the
physical properties of PHB are not suitable forPoly(3-hydroxybutyrate) (PHB) is a thermoplas-
some biodegradable plastic and biomedical appli-tic polyester produced via biosynthesis by bacte-
cations3,4 because it shows some disadvantages,rial fermentation or transgenic plants. It can be

degraded to water and carbon dioxide under envi- for example, brittleness, a narrow processability
ronmental conditions by a variety of bacteria. window, and a lower biodegradation rate than

synthetic aliphatic polyesters. To improve its
impact resistance and processability, a series of

Correspondence to: L. Zhang, Department of Chemistry, copolymers were biosynthesized by bacterial fer-National University of Singapore, Singapore 119260
mentation.5 These copolymers were based on 3-(chmzll@leonis.nus.sg).

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101849-08 hydroxybutyrate units and other hydroxyalka-
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noate units such as poly(3-hydroxybutyrate-co- {H2O{H3PO4 complex catalyst.36 The resultant
copolymers contained 8 wt % PEG determined by3-hydroxyvalerate) and poly(3-hydroxybutyrate-

co-4-hydroxybutyrate) copolymers. 1H-NMR. The weight average molecular weight
was 3.6 1 104; this measurement was by gel per-The development of biodegradable polymer

blends with an optimum balance of physical prop- meation chromatography with THF as solvent.
erties and biodegradability is of key importance
to relieve environmental problems concerning the
disposal of nondegradable plastic materials. Many Preparation of Blends
studies have focused on developing blends of

Thin films of PHB/PELA blends (weight ratiosbacterial polyester with poly(ethylene oxide),6–10

of 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100)poly(vinylene fluoride),11,12 poly(vinyl acetate),13

were prepared by casting from a 3% (w/v) solu-ethylene propylene rubber, ethylene–vinyl acetate
tion of the two components in chloroform. The sol-copolymer,13,14 polyepichlorohydrin,15–17 poly(vi-
vent was allowed to evaporate at room tempera-nyl alcohol),18,19 poly(vinyl phenol),20 poly(methyl
ture overnight; then it was kept at 407C under amethacrylate),9,21–23 and poly(cyclohexyl methac-
vacuum for 48 h.rylate).21 But most of the second components used

in PHB blends are nonbiodegradable, and thus the
blends are not suited for biomedical application.

Differential Scanning Calorimetry (DSC)Synthetic aliphatic polyesters, another class of
biodegradable polymers, such as polyglycolide,

DSC analysis was performed to study the misci-poly(L-lactide) (PLLA), poly(DL-lactide) (PDLLA),
bility and thermal behavior of the blends. A Per-and poly(e-caprolactone) (PCL), have found fre-
kin–Elmer DSC 7 apparatus equipped with a PEquent applications as biodegradable matrices for
3700 data station was utilized. The apparatus,prosthetics and controlled drug delivery. Naturally,
calibrated with an indium standard in a nitrogenblends containing PHB and synthetic aliphatic poly-
atmosphere, was used throughout.esters have been investigated to modify the physical

properties, improve the processability, and adjust the
biodegradation rate. PHB/PLLA,24 PHB/PDLLA,25

PHB/PCL,26–27 and PHB/synthetic poly(3-hydroxy-
butyrate)30–32 blends are well documented, so far. In
our previous article blends of PHB and PDLLA, PCL,
and poly(ester–ether) copolymers were preliminar-
ily studied.33 In this work, we investigate the melting
and crystallization behavior and the phase morphol-
ogy of PHB/poly(DL-lactide)-co-poly(ethylene gly-
col) (PELA) blends.

EXPERIMENTAL

Materials

PHB, obtained from Chengdu Institute of Biology,
Academia Sinica, was prepared via bacterial fer-
mentation, using methanol as a carbon source, by
methylotrophic strain 8502-3 (Hyphomicrobium
zavarzinii subsp. chengduense subsp. nov. ) .34 The
weight average molecular weight (MV w ) (3.01 105)
was determined by intrinsic viscosity measure-
ment in chloroform using the relationship [h] Figure 1 Differential scanning calorimetry thermo-
Å 1.18 1 1004 MV

0.78
w at 307C.35 PELA was synthe- grams of original samples during a heating run at a

sized by the ring-opening copolymerization of D,L- rate of 207C/min: (a) PHB; (b) PHB/PELA (80/20);
lactide and poly(ethylene glycol) (PEG, number (c) PHB/PELA (60/40); (d) PHB/PELA (40/60); (e)

PHB/PELA (20/80); (f ) PELA.average molecular weight 4000) with Al( i-Bu)3
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The Tm , Tc , and Tcc were taken as the peak
values of the respective endothermal or exother-
mal processes in the DSC curves. In the presence
of multiple endothermal peaks, the maximum
peak temperature was taken as Tm . The glass
transition temperature (Tg ) was taken as the mid-
point of the specific heat increment.

Polarizing Optical Microscopy

A Leitz Wetzlar Ortholux II POL-BK microscope
equipped with a hot stage was used to observe the
crystallization and growth of spherulites of PHB
in the blends. Samples cut from the cast films
were first heated to 2007C, then cooled rapidly to
the desired temperature, and allowed to crystal-
lize isothermally under crossed polars.

Scanning Electron Microscopy (SEM)

SEM was performed with AMRAY 1000B equip-
ment operated at 15 or 20 kV to examine the
phase morphology. The blend films after toluene
etching were used for surface observation. The
fractured samples were prepared by submerging

Figure 2 Differential scanning calorimetry (DSC)
thermograms of samples after a DSC cooling run at a
rate of 207C/min and during a heating run at a rate of
207C/min: (a) PHB; (b) PHB/PELA (80/20); (c) PHB/
PELA (60/40); (d) PHB/PELA (40/60); (e) PHB/
PELA (20/80).

Melting and Cold Crystallization

Samples as cast films were first heated from 060
to 2007C at a heating rate of 207C/min. The melt-
ing temperatures (Tm) and apparent melting en-
thalpy (DHf ) were determined from DSC endo-
thermal peaks. After 1 min samples were cooled
to 0607C at a cooling rate of 1007C/min. Finally,
the samples were reheated to 2007C at a rate of
207C/min. The Tm , DHf , temperatures of cold
crystallization (Tcc ) , and enthalpy of cold crystal-
lization (DHcc ) were obtained from this run.

Nonisothermal Crystallization

The samples as cast films were first heated to
2007C at a rate of 207C/min; after 1 min they were

Figure 3 Differential scanning calorimetry (DSC)cooled to0607C at a rate of 207C/min. The temper- thermograms of samples after a DSC cooling run at a
atures of crystallization (Tc ) and enthalpy of crys- rate of 1007C/min and during a heating run at a rate of
tallization (DHc ) were determined from DSC exo- 207C/min: (a) PHB; (b) PHB/PELA (80/20); (c) PHB/
thermal peaks. The samples were then scanned PELA (60/40); (d) PHB/PELA (40/60); (e) PHB/
at a heating rate of 207C/min to determine the Tm PELA (20/80); (b * ) PHB/PDLLA (80/20); (c * ) PHB/

PDLLA (60/40); (d * ) PHB/PDLLA (40/60).and DHf again.
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1007C/min, PHB showed a glass transition at 87C;
the glass transitions of the blends were found be-
tween 10 and 307C during the DSC heating run
(see Fig. 3). However, the Tg values of the blends
could not be determined precisely due to the in-
fluence of the followed cold crystallization pro-
cesses of PHB in the blends. In contrast to the
immiscible PHB/PDLLA blends with similar
thermal history, in which there were no shifts of
Tg values for PHB/PDLLA (80/20), (60/40), and
(40/60) blends in the corresponding DSC heating
run, the PHB/PELA blends were miscible to some
extent. Composition-dependent Tg values were
also found in the blends containing PHB and
PELA with relatively higher PEG contents of 10
and 15 wt %.33

The melting enthalpy of the blends, DHf , in-
creased with the increase of PHB content and was
close to the value predicted by a linear relation,

DHf Å DHPHB
f 1 W PHB (1)

Figure 4 Melting enthalpy of PHB/PELA blends
(DHf ) as a function of the blend composition: (l ) origi- where DHf and DHPHB

f are the melting enthalpy
nal samples; (j ) samples after DSC cooling run at a
rate of 207C/min; (m ) samples after DSC cooling run
at a rate of 1007C/min.

cast films in liquid N2. Before observation, all
samples were coated with a thin layer of gold by
means of a polaron sputtering apparatus.

RESULTS AND DISCUSSION

Melting Behavior and Blend Morphology

The thermograms of the original samples of the
two blend components and the blends during DSC
heating runs are shown in Figure 1. PHB and
the blends display melting processes with a slight
shift in melting temperatures at about 1757C. A
glass transition appears at about 317C in the ther-
mogram of PELA in Figure 1, and the Tg values of
PHB/PELA (60/40), (40/60), and (20/80) blends
are found at about 307C. No clear glass transition
of PHB or the PHB/PELA (80/20) blend was de-
termined by heating the cast film samples from
060 to 2007C.

After a DSC cooling run at a rate of 207C/min,
similar results were obtained except for exother-
mal peaks corresponding to cold crystallization of
PHB at 60–707C for PHB/PELA (60/40), (40/ Figure 5 Scanning electron micrographs of the blend
60), and (20/80) blends, as shown in Figure 2. films after toluene etching: (a) PHB/PELA (60/40);

(b) PHB/PELA (40/60).For samples after a DSC cooling run at a rate of
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Figure 6 Scanning electron micrographs of the fracture surfaces: (a) PHB; (b) PHB/
PELA (40/60).

of the blends and pure PHB, respectively, and 827C for pure PHB, PHB/PELA (80/20), (60/40),
W PHB is the weight fraction of the PHB in the and (40/60) blends, respectively (see Fig. 7). No
blends. The results of DHf are given in Figure 4. crystallization of PHB was found in the PHB/
The line is drawn according to eq. (1) using the PELA (20/80) blend. The supercooling tempera-
DHPHB

f obtained from the first heating run of ture, DT , was used to describe the kinetic crystal-
pure PHB. lizability during the nonisothermal crystalliza-

SEM photographs of PHB/PELA (60/40) and tion process. A higher DT indicates lower kinetic
(40/60) blends taken after toluene etching to re- crystallizability in the range of Tm to Tg . DT is
move the PELA phase (Fig. 5) show that the calculated from the Tm and the temperature of
PELA phase is uniformly distributed in the PHB nonisothermal crystallization (Tc ) , DT Å Tm
phase. Figure 6 shows the photographs of the frac- 0 Tc . As shown in Table I, the DT values of the
ture surfaces of the PHB and PHB/PELA (40/60) blends are higher than that of pure PHB, indicat-
blend. The PHB/PELA (40/60) blend was found ing lower kinetic crystallizability of PHB in the
to have a smooth texture similar to the pure PHB blends. On the other hand, the enthalpy of crystal-
component. lization of the blends (DHc ) increases with the

increase of PHB content in the blends, as shown
in Figure 8. However, the DHc is not much higher

Crystallization Behavior
than those calculated from the enthalpy of crystal-
lization of pure PHB, DHPHB

c Å 73.5 J/g, by aDuring DSC cooling runs at a rate of 207C/min,
linear relation DHc Å DHPHB

c 1 W PHB for PHB/exothermal peaks corresponding to the crystalli-
zation of PHB were found at about 94, 91, 84, and PELA (80/20) and (40/60) blends (see Table I) .
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Figure 7 Differential scanning calorimetry curves
during a cooling run at a rate of 207C/min: (a) PHB;
(b) PHB/PELA (80/20); (c) PHB/PELA (60/40); (d)
PHB/PELA (40/60).

Figure 8 Enthalpy of crystallization as a function of
the blend composition: (l ) DHc from a DSC cooling run

The crystallization of PHB from the melt was at a rate of 207C/min; (j ) DHcc , from a DSC heating
also observed using polarizing optical microscopy run after rapid cooling from the melt at a rate of 1007C/

min.under isothermal condition. From Figure 9 it is
found that well-defined spherulites are present at
807C for pure PHB and PHB/PELA (80/20) and
(60/40) blends. In the PHB/PELA (40/60) blend peaks corresponding to the cold crystallization of

PHB appeared in the DSC curves as shown inPHB can also crystallize according to a spherulitic
morphology, but the growth of a spherulite of PHB Figure 3. The cold crystallization of PHB was also

affected by the PELA component. The exothermalis affected by the PELA component.
When cooled from the melt at a rate of 1007C/ peaks shifted to higher temperatures, and the en-

thalpy of cold crystallization of the blends, DHcc ,min, only pure PHB crystallized incompletely at
a Tc of about 737C with a much lower enthalpy of decreased with the increase of PELA content in

the blends, as shown in Figure 8. Because purecrystallization than that from the DSC cooling
run at a rate of 207C/min. The rapidly cooled sam- PHB and PHB in the PHB/PELA (80/20) blend

can completely crystallize during a DSC coolingples were then heated to 2007C, and exothermal

Table I Temperature and Enthalpy of Nonisothermal Crystallization
(Tc , DHc) from Melt at 207C/min

Tm
a Tc

b DT c DHc
b DHc

d

Sample Code (7C) (7C) (7C) (J/g) (J/g)

PHB 176 94.2 81.8 73.5 73.5
PHB/PELA (80/20 174 91.3 82.7 65.5 58.8
PHB/PELA (60/40) 174 84.3 89.7 42.1 44.1
PHB/PELA (40/60) 175 82.0 93.0 35.6 29.4

a Obtained from the first heating run of the original samples.
b Determined from the exothermal peaks during the DSC cooling run.
c Calculated from the relation DT Å Tm 0 Tc .
d Calculated from the relation DHc Å DHPHB

c 1 WPHB. DHPHB
c is the enthalpy of crystallization

of pure PHB: DHPHB
c Å 73.5 J/g.
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Figure 9 Polarizing optical micrographs of PHB and PHB/PELA blends under
crossed polars (same magnification, bar Å 0.1 mm): (a) PHB; (b) PHB/PELA (80/20);
(c) PHB/PELA (60/40); (d) PHB/PELA (40/60).

run at a rate of 207C/min, no glass transition and blends were miscible to a certain extent. The melt-
ing enthalpy of the blends increased with the in-cold crystallization are present at the followed

heating run (see Fig. 2). However, exothermal crease of PHB content in the blends and was close
to that predicted by a linear relationship. Aspeaks of cold crystallization of PHB were found

for PHB/PELA (60/40), (40/60), and (20/80) shown by SEM, two phases were distributed uni-
formly in the blends. The kinetic crystallizabilityblends. The Tcc values of PHB in the blends in

Figure 2 are higher than that of pure PHB in of PHB in the blends decreased with an increase
of PELA content. Well-defined spherulites of PHBFigure 3. The DHcc of the blend after the cooling

run at a rate of 207C/min was much lower than were found in pure PHB and PHB/PELA (80/20)
and (60/40) blends. Cold crystallization of PHBthat of the corresponding samples after the cool-

ing run at a rate of 1007C/min. was also affected by the PELA component with
cold crystallization peaks shifted to higher tem-
peratures.

CONCLUSIONS
The authors are grateful to the National Natural Sci-
ence Foundation of China, the Postdoctoral ScienceThe Tg of PHB/PELA (60/40), (40/60), and (20/ Foundation of China, and the National Key Laboratory

80) blends was about 307C, which was close to of Engineering Plastics, Institute of Chemistry, Acade-
that of pure PELA obtained during DSC heating mia Sinica, for financial support of this work.
runs of the original samples. Similar results were
found for samples after a DSC cooling run at a
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