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ABSTRACT: Morphologies, some physical properties, and biodegradability were investigated for the binary blends of 
natural poly(3-hydroxybutyrate) [P(3HB)] with chemosynthetic poly(butylene succinate-co-butylene adipate) (PBSA) and 
poly(butylene succinate-co-s-caprolactone) (PBSC) prepared using a simple casting procedure. The DSC thermogram of each 
blend system revealed two distinct glass transitions independent of blend composition. The radial growth rate of P(3HB) 
spherulite in the blends, observed on a polarizing microscopy, almost kept constant in the blends with P(3HB) content ranged 
from 50 wt% to 100 wt%. These results indicate that P(3HB) and PBSA, and P(3HB) and PBSC are immiscible in the amorphous 
state. The enzymatic degradation of blend film was carried out in phosphate buffer (pH 7 .5) at 3TC in the presence of P(3HB) 
depolymerase purified from Alcaligenes faecalis Tl. The degradation behavior of blends was monitored by observing UV 
spectra, measurement of weight-loss and NMR analysis. As a general, the weight-loss rates of blends increased with the increase 
of P(3HB) content except the blends contained 90 wt% P(3HB) in which a weight-loss was about three times faster than that 
of pure P(3HB) films. After the beginning of degradation, the content of P(3HB) in films decreased faster than those of blend 
partners. The biodegradability of aliphatic polyester is suggested to be controllable by blending. 
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Bacterially produced poly(3-hydroxybutyrate) 
[P(3HB)] has attracted much attention as biodegradable 
plastics. 1 - 3 It possesses general characteristics compar
able to those of isotactic polypropylene and shows excel
lent biodegradability. However, the brittleness, narrow 
processability window and high price of P(3HB) limit its 
application. One approach to improve the properties of 
P(3HB) is to incorporate other hydroxyalkanoate units 
into the polymer backbone. In fact various copolymers 
containing 3-hydroxybutyrate unit have been biosynthe
sized or chemosynthesized1.4- 6 and their synthesis, phys
ical properties and biodegradation behavior have been 
extensively studied. 7.B Comparing to copolymerization, 
blending P(3HB) with other polymers may be more 
economical and more feasible to modify the physical 
properties, to improve the processabilities and to low
er the production cost. 

So far, a variety of blends containing P(3HB) have 
been studied, including binary blends with poly(vinyl 
acetate) (PV A c), 9 - 10 poly(methyl methacrylate) 
(PMMA), 11 poly( ethylene oxide) (PEO), 12 - 15 poly( vinyl 
alcohol) (PVA)/ 6 poly(lactide) (PLA)/ 7 - 19 poly(a
caprolactone) (PCL), 10•20 and poly(3-hydroxybutyrate
co-3-hydroxyvalerate) (P(3HB-3HV)). 21 - 23 The blends 
of P(3HB) with natural biodegradable polysaccharides, 
such as cellulose and starch derivatives, chitin, and 
chitosan have been also reported. 24 - 27 Among these 
blends, P(3HB)/PVAc,9 - 10 P(3HB)/PE0, 12 and P(3HB)/ 
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PVA 16 were reported to be miscible over the whole 
composition range in the amorphous state; The mis
cibility of P(3HB)/PLA 18 and P(3HB)/P(3HB-3HV) 
blends21 - 23 was dependent on the molecular weight of 
PLA and the fraction of 3HV unit, respectively; P(3HB)/ 
PMMA 11 and P(3HB)/cellulose ester blends25 were 
miscible with P(3HB) content below 20 wt% and 50 wt%, 
respectively; P(3HB)jPCL blend10•20 was found to be 
immiscible independent of the blend composition. 

As one of the most important properties for biode
gradable polymer materials, the biodegradation proper
ties of P(3HB) and its copolymers have been investi
gated in many works. The biodegradability has been 
evaluated in soil, in river water, in seawater and in hy
drolyzing enzyme solution. It has been made clear that 
the biodegradation behavior of P(3HB) and its copoly
mers strongly depended on the condition of degra
dation, their comonomer compositions and solid-state 
structure. 7•8 Comparing to P(3HB) and its copoly
mers, there are only a little studies on the biodegrada
tion behavior of P(3HB) blends. The studies on P(3HB)/ 
poly(/J-propiolactone ), P(3HB)/poly( ethylene adipate ), 
and P(3HB)/P(3HB-3HV) blend systems28 have revealed 
that the degradation rates of these blends in the pres
ence of P(3HB) depolymerase increase with the increase 
of P(3HB) content, and that some blends with limited 
range of P(3HB) content show the degradation rates 
larger than that of pure P(3HB). More recent works indi
cated that chemosynthetic P(R,S-3HB) underwent en
zymatic attack when it blended with natural P(3HB)29 
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Table I. The molecular structure, thermal properties, and molecular weights of polymer samples 

Sample Molecular structure• Tm/"Cb T8/"Cb Mwc Mw/M/ 
-------

P(3HB) R 
-f-o-CH-CHz· c-fn- 174 5 4.73 X 105 1.99 

0 0 0 0 

PBSA 
-t II II iII II C-(CH2)2·C-0-(CH2)...0"fx0 C-(CH2)4·C-O-(CH2).r0h 90 -40 2.34 X J05 1.89 

X: Y=76:24 

0 0 0 

PBSC 
-t II II k II C-(CHz)z C-O-(CHz)40 x/-1 C-(CHz)s ofy 107 -35 1.47 X J05 2.25 

X:Y=92:8 

•copolymer composition determined by 1H NMR. b By measurements of DSC. c By GPC in chloroform at 35°C. 

or P(3HB-3HV)30 but it alone did not biodegrade. 
The chemosynthetic poly(butylene succinate-co-butyl

ene adipate) (PBSA)31 •32 and poly(butylene succinate
co-e-caprolactone) (PBSC) are biodegradable polyesters 
with melting point of about 1 oooc and glass transition 
temperature of about - 40°C. They show good proces
sabilities and mechanical properties as an environmen
tally degradable resin and may be used for a wide range 
of agricultural, marine, and medical applications. 

PBSA and PBSC should be good polymer components 
to be blended with P(3HB): first, binary blends of natu
ral P(3HB) with chemosynthetic PBSA and PBSC are 
completely degradable for all the components are bio
degradable polyesters; second, PBSA and PBSC may 
enable the blends to possess good processabilities and 
mechanical properties as P(3HB) may enable the blends 
to possess good biodegradability and biocompatibility, 
that is, the binary blends may possess good processabili
ties and mechanical properties as well as good biode
gradability and biocompatibility; third, adding PBSA 
and PBSC will greatly lower the cost of P(3HB) mate
rials. Hence, in this study, it is expected to improve 
the properties and to widen the application range of 
P(3HB) materials by means of blending P(3HB) with 
PBSA and PBSC. 

In this paper, on the one hand, we will focus on 
PBSAjP(3HB) blends(AB blends) and PBSC/P(3HB) 
blends (CB blends) to investigate their morphologies, 
physical properties and biodegradability as a function of 
blend composition; on the other hand, we will try to 
found the relationships between morphologies, physical 
properties, and biodegradability, and to make clear the 
effect of P(3HB) on the enzymatic degradation behavior 
of PBSA and PBSC. 

EXPERIMENTAL 

Materials 
Bacterial P(3HB) sample purchased from Aldrich 

Chemical Co. was used after purification by precipita
tion in ethanol from 1 ,2-dichloroethane solution. PBSA 

was supplied by Showa Highpolymer 
Co. It was used as received. 

PBSC sample was synthesized through a demethanol 
polymerization in a 2 1 round-bottomed stainless steel 
reactor equipped with a mechanical stirrer, thermo
couple, and a product outlet nozzle for a pelletizer. The 
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polymerization of dimethyl succinate (4.32 mol) and 
1 ,4-butanediol ( 4.49 mol) with e-caprolactone (0.432 mol) 
was undertaken in bulk at temperatures range from 
160°C to 200oc in the presence of titanium tetraisoprop
oxide (2.16 mmol) in an atmosphere of nitrogen. After 
about 90% of the theoretical amount of methanol was 
removed (about 4 h was required), the residual methanol 
was removed at 200-215°C/67Pa for 6 h. PBSC was 
obtained as pellets in a yield of 595 g. 

The molecular weights of the three samples were 
characterized by a Tosoh HLC-8020 GPC system at 
35°C, chloroform was used as the eluent and polysty
rene with a narrow molecular distribution was used as 
a standard to calibrate the curve. Table I lists the mo
lecular structures, thermal properties, molecular weights, 
and polydispersities of the samples. 

Preparation of Blend 
The films ofPBSA/P(3HB) (AB) and PBSC/P(3HB) 

(CB) blends were prepared by casting from 5 wt% 
chloroform solution, allowing the solvent to evaporate 
at room temperature an overnight, and then keeping 
under vacuum for further two days at 60°C and finally 
two weeks at room temperature. 

D(fferential Scanning Calorimetry 
Differential scanning calorimetry (DSC) analysis was 

performed to study miscibility and thermal behavior of 
the blends on a SEIKO DSC 220 system which con
nected with a workstation SSC5300. Samples packed in 
aluminum pans as casting films were first heated from 
- 1 oooc to 19SOC at a heating rate of 20°C min- 1 (RUN 
1 ). After keeping them at 195oC for 0.5 min, samples 
were rapidly quenched to -100°C, and then they were 
again heated at a rate of 20oCmin- 1 to 195°C (RUN 
2). The melting temperatures (Tm) and crystallization 
temperatures (Tc) were determined from DSC en
dothermic and exothermic peaks, respectively. The glass 
transition temperature (Tg) was measured from the peak 
ofDDSC (difference of differential scanning calorimetry) 
curves obtained by RUN 2. The values of melting en
thalpy were calculated as the integrals of endothermal 
peaks. 

Polarizing Optical Microscopy 
Isothermal spherulite growth behavior was investigated 

on a polarized microscopy of Olympus BX90 equipped 
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Table II. The thermal properties of AB blends 

P(3HB) T.rc· Tm/"Cb T.rc· L\H m(blend/ J g 1 )b.c 
X./%b 

Blend 
content/wt% P(3HB) P(3HB) 

PBSA P(3HB) PBSA P(3HB) PBSA P(3HB) 

PBSA 0 -39.6 89.7 72.5 
ABlO 10 -39.6 5.1 91.7 173.9 - d 59.6 6.55 44.9 
AB25 25 -40.1 5.0 90.8 174.3 _d 50.0 18.9 51.8 
AB40 40 -38.9 5.4 89.7 174.2 57.9 38.5 31.3 53.6 
ABSO 50 -39.7 5.3 89.1 174.2 56.5 32.7 42.5 58.2 
AB60 60 -41.9 5.3 89.5 174.4 56.4 24.2 53.3 60.8 
AB75 75 -43.7 4.7 83.4 175.0 54.4 12.8 63.6 58.1 
AB90 90 -44.5 5.3 _d 174.2 55.1 - d 76.7 58.4 
P(3HB) 100 6.3 174.7 61.0 86.1 59.0 

• Obtained from RUN 2. b Obtained from RUN 1. • Melting enthalpy per gram of blend. d No result available. 

with a Mettler FP82HT hot stage. The samples were 
firstly heated to a temperature of l95°C and kept 1 min, 
then cooled to the desired crystallization temperature 
with a rate of 20°C min- 1 . The growth rates were 
calculated as the slopes of the lines obtained by plotting 
the radius against the time. 

Enzymatic Degradation 
The enzyme P(3HB) depolymerase was purified from 

Alcaligenes faecalis Tl as reported in a literature. 33 •34 

The final protein concentration of enzyme after purifi
cation was 508 11g ml- 1 , and activity was estimated 
as 314 units mg- 1 . The enzymatic degradation of blend 
films was carried out at 37oc in 0.1 M phosphate buffer 
(pH= 7.5). The film of initial weights about 12 mg and 
initial dimension 10 x 10 x 0.1 mm was placed in the 
small bottle containing 2.0 111 enzyme solution and 1.0 ml 
buffer solution. The reaction solution was incubated with 
shaking, and the films were removed after reaction for 
a period of time, washed with distilled water and dried 
to constant weight in vacuum before analysis. For each 
blend sample, three films were used and the average value 
of their weight-loss amounts was taken as the result. 

A UV-Vis spectrometer (UV-2100, Shimadzu Co.) 
was employed to investigate the time dependence of 
the degradation behavior of pure PBSA, PBSC, AB50 
blend and CB50 blend. It was observed at 37°C with 
the wavelength of 208 nm. 

1 H NMR spectra of AB and CB blends before and 
after the degradation were recorded in CDC13 solution 
at 30°C to estimate the P(3HB) content in the blend film 
after enzyme degradation. It carried on a JEOL GSX270 
NMR spectrometer with 90° pulse, acquisition time 
0.904 s, 32 K data points, and 512 FID accumulations. 

RESULTS AND DISCUSSION 

Thermal Behaviors 
As shown in Table II, the AB blends show two distinct 

glass transitions temperature, T8s. The lower and the 
higher ones correspond to PBSA and P(3HB) com
ponent, respectively. There exist little variations in T8 

values with blend composition and almost all the T8 

values for the blends agreed well within the experi
mental error with those for respective pure components. 
These results suggest that the AB blends are immiscible 
systems in the amorphous state. 

As to the CB blends, the results are almost the same 
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as those for the AB blends except a little difference. The 
CB blends also show two distinct T8 values but the lower 
and the higher T8s, which correspond to PBSC and 
P(3HB) components, respectively, show a little increase 
with the increase of P(3HB) content in the blend (Table 
III). In other words, the T8 values of PBSC and P(3HB) 
components in blends fall between those of pure PBSC 
and pure P(3HB). This behavior may imply some de
grees of compatibility between the two components. 
However, the blend should essentially be immiscible in 
the amorphous state because of existence of two dis
tinct glass transitions. 

In RUN 1 of DSC measurements, the melting tem
peratures T ms of PBSA and P(3HB) components in the 
AB blends appear at relatively constant temperature 
of 90 ± 2°C and 174 ± 1 °C, respectively, independent of 
blend compositions (Table II). In RUN 2, they appear 
at 9l±loC and 172±l°C, respectively (the data were 
not listed). 

Similar melting features were also found in the CB 
blends. The T m values of PBSC and P(3HB) components 
appear at almost constant temperatures independent of 
blend compositions. In either RUN l or RUN 2 they 
are l07±2°C and 174±2oC for PBSC and P(3HB) 
components, respectively (Table III, the data for RUN 
2 were not listed) 

The Tms observed here are not equilibrium points and 
not those of samples crystallized isothermally. Consider
ing all the samples have the same thermal history, the 
independence ofT m values on blends composition should 
indicate the independence of equilibrium point on com
position. It can lead a conclusion that there are little 
interaction between the two components in the AB and 
the CB blends, which is well consistent with the con
clusion derived from the T8 measurements that the 
two kinds of blends are immiscible. 

In RUN 2, the crystallization temperature of P(3HB) 
component in the AB blends appears at about 56oC 
independent of P(3HB) content (Table II). However in 
the CB blends it increases from 48.6°C to 6l.Ooc with 
the P(3HB) content from 25 wt% to 90 wt% (Table III), 
which accords with the fact that the glass transition 
temperature of P(3HB) component increases a little 
with the increase of P(3HB) content in the blend. 

The melting enthalpy (11H) corresponding to each 
component in the AB or CB blends increases with the 
increase of its content in the blends (Tables II and III). 

The crystallinity (Xc) of P(3HB) phase can be calcu-
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Table III. The thermal properties of CB blends 

P(3HB) T,f"C Tm/"Cb T,;cca AHm(blend/J 1?·' 
X,j%b Blend 

contentjwt% 
PBSC P(3HB) PBSC P(3HB) P(3HB) 

PBSC P(3HB) P(3HB) 

- -------------

PBSC 0 -35.4 105.9 92.2 
CBlO 10 -35.2 1.8 105.3 172.9 - d 85.8 7.69 52.7 
CB25 25 -34.1 2.8 108.6 174.0 48.6 68.6 19.0 52.1 
CB40 40 -34.1 3.2 107.8 173.4 53.5 47.9 32.9 56.3 
CB50 50 -33.2 3.9 109.0 175.0 55.0 44.1 42.2 58. I 
CB60 60 4.1 107.4 174.1 54.3 31.1 51.5 58.8 
CB75 75 - d 4.8 106.6 175.6 56.5 16.5 62.6 57.2 
CB90 90 6.5 - d 176.4 61.0 - d 73.7 56.1 
P(3HB) 100 6.3 174.7 61.0 86. I 59.0 

a Obtained from RUN 2. b Obtained from RUN I. 'Melting enthalpy per gram of blend. d No result available. 
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Figure 1. Plot of melting enthalpy of PBSA component versus its 
content in AB blend films. 
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Figure 2. Plot of melting enthalpy of PBSC component versus its 
content in CB blend films. 

lated by the following equation: 

XC= /1Hj(/1H 0 X WP(3HB)) 

where /1H0 is the thermodynamic melting enthalpy per 
gram of P(3HB) (146.6Jg- 135). 11H (Jg- 1) is the ap
parent melting enthalpy corresponding to P(3HB) 
ponent and Wp< 3HBJ is the weight content of P(3HB) in 
the blend. 

In the AB blends, the crystallinity of P(3HB), Xc 
(RUN 1), remains constant of about 59.0wt% for the 
blends with P(3HB) content larger than 50.0 wt% (Table 
II). This result indicates that the PBSA phase has little 
effect on the crystallization kinetics of P(3HB) phase in 
this P(3HB) content range. Below this content (critical 
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Figure 3. Spherulitic growth rates for pure P(3HB) and AB blends: 
( 0) P(3HB); ( 0) AB90; (L:i) AB75; (e) AB50. 

P(3HB) content), the crystallinity of P(3HB) increases 
with P(3HB) content, which may be attributable to the 
elution effect of PBSA phase. The case for CB blends is 
the same except the critical P(3H B) content decreases 
into about 40.0 wt% (Table III). 

Figures 1 and 2 show the relationship between the 
melting enthalpies of PBSA and PBSC components and 
their contents in the blends, respectively. The values of 
melting enthalpy of PBSA component in the AB blends 
fall very close to the line which expresses the melting 
enthalpy of PBSA in the pure state (Figure 1 ). The same 
melting behavior was observed for PBSC component in 
the CB blends (Figure 2). So it may be considered that 
in these blend systems PBSA and PBSC can crystallize 
to the extent almost the same to that in the pure state. 

Crystallization Behaviour 
By polarizing microscopy, no apparent phase sepa

ration was found in the molten state (195°C) of AB 
and CB blends for all of the compositions prepared and 
P(3HB) was found to be able to crystallize isothermally 
with a spherulitic morphology even in the P(3HB) content 
of 10 wt%. At low crystallization temperature (below 
80 and 95oc for PBSA and PBSC, respectively), the 
spherulites of PBSA and PBSC can also been observed. 
Comparing to the P(3HB) spherulite, the radii of PBSA 
and PBSC spherulites were much smaller and the growth 
rates were too slow to be estimated. 

Figures 3 and 4 showed the spherulitic growth rates 
for the AB and CB blends, respectively. The spherulitic 
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Figure 5. Plots of weight loss of AB blend films versus degradation 
time in the presence of P(3HB) depolymerase at 37oc and pH 7.5. 

growth rate ofP(3HB) in AB90, AB75, AB50 blends was 
almost the same as that in the pure state within the 
crystallization temperature range from 55°C to 130°C. 
For the CB blends, the case is similar to that of the AB 
blends, but in the CB50 blend the radial growth rate 
decreased. This result reconfirms that PBSA and PBSC 
molecules have little effect on the crystallization ki
netics of P(3HB) molecules in the blends. 

Enzymatic Degradation 
In Figure 5 is shown the relationship of weight-loss of 

the AB blends with elapsed time exposed to the enzyme 
solution. It indicates that there are three cases: (l) the 
first one is the ABlO, AB25, and AB40 blend films which 
show the constant weight-loss rate at the first 48 h, that 
is, the weight-loss increases linearly with the exposure 
time, while after that it decreases and the point diverges 
below the point expected from linear weight-loss; (2) the 
second one is the AB blends with P(3HB) content larger 
than 40 wt% and pure P(3HB) film, whose weight-loss 
rate increases proportionally with the exposure time; (3) 
the last one is the pure PBSA film which exhibits only 
a small weight-loss during whole period of the experi
ment. The occurrence of these three distinct cases may 
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come from the following two aspects: (i) the AB blend 
is immiscible systems over whole composition range; (ii) 
the P(3HB) depolymerase is inactive to the hydrolysis of 
pure PBSA. 

As a general rule, in a two-component immiscible blend 
systems each component will constitute a phase, which 
changes from a separate phase into a continuous phase 
with the increase of one's content in blend. As for AB 
blend systems, the case is the same. When AB blend films 
are etched with tetrahydrofuran (THF) (THF is a solvent 
for PBSA and a non-solvent for P(3HB)), the films with 
low P(3HB) content disappear completely with the 
solution become muddy while the films, with high P(3HB) 
content remain the integrity and some holes (several 
micrometers) appear when observed under a polariz
ing optical microscopy-video system. These results in
dicate that P(3HB) phase changes from a separate phase 
into a continuous phase and PBSA changes from a con
tinuous phase into a separate phase with the increase 
of P(3HB) content. 

So it can be concluded that due to the aspect (i), in 
the blend films with lower P(3HB) content, PBSA and 
P(3HB) constitute the continuous and separate phases, 
respectively; and further due to the aspects (i) and (ii), 
the extent of P(3HB) phase accessible for enzyme deg
radation decreases with the degradation time, result
ing in the degradation behavior of case (1). On the 
other hand, in the AB blend with higher P(3HB) content, 
P(3HB) constitutes the continuous phase while PBSA 
constitutes the separate phase. With progressing the 
degradation of P(3HB), the separate phase of PBSA 
will leave from the film and then the weight-loss rate of 
blend film should be rapid and remained constant as 
shown in the case (2). 

Figure 6 shows the rates of weight-loss for the AB 
blends with different P(3HB) composition. For the pure 
P(3HB) and blend films, the rates were estimated from 
the slopes of the lines shown in Figure 5. For the pure 
PBSA film it was estimated as the average weight-loss 
rate for the first 96 h. It can be seen that the weight-loss 
rate increases with the increase of P(3HB) content in 
blends, except for AB90 blend, which shows a much 
faster degradation. Similar trend, that the degradation 
by P(3HB) depolymerase becomes faster with an increase 
of content of P(3HB) component, has been also found 
for P(3HB)/PPL, P(3HB)/PEA, and P(3HB)/P(3HB-
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7.5. 

3HV) blend systems. 28 Similarly, the weight-loss rates of 
some copolymers such as P(3HB-4HB), 8 P(3HB-6HH), 36 

and P(3HB-LA)37 have been also found to increase with 
the increase of 3HB unit content in these copolymers. 
Considering that the P(3HB) depolymerase has lower or 
little activity for the degradation of the second com
ponent, observed trend is reasonable. The weight-loss 
of AB90 was more than two times faster than that of 
P(3HB). Similar behavior has been found for the degra
dation of P(3HB-6HH)36 copolymer system by P(3HB) 
depolymerase, in which the weight-loss of copolymer 
with 3HB fraction of 89 mol% was about ten times fast
er than that of P(3HB). Similar trend has been also ob
served for P(3HB-4HB)8 and P(3HB-LA). 37 

In Figure 7 is shown the relationship of weight-loss 
of the CB blends with elapse time exposed to enzyme 
solution. The pure PBSC films show the same behavior 
of enzymatic degradation as that of the pure PBSA films 
(Figure 5). In contrast to the AB blend system, no CB 
blends show weight-loss that increases proportionally 
with time even at the first 30 h except the CB90 blend. 
Although it increases with elapse time, the rate of 
weight-loss decreases with the elapse time. The difference 
may be due to the fact that PBSC has some compatibility 
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Figure 9. Change in UV absorbance of pure PBSA and PBSC 
film-buffer solution at the wavelength 208 nm, 37"C and pH 7.5. The 
enzyme was added at lOOth hour. 

with P(3HB) while PBSA does not besides the chemical 
structure difference between PBSA and PBSC. Figure 8 
shows the dependence of the weight-loss of the CB 
blends on the P(3HB) content during the first 16 h. The 
weight-loss increases also with the increase of P(3HB) 
content, except for the CB90 blend that shows excep
tionally higher weight loss. 

As shown in Figures 5 and 7, the films of pure PBSA 
and PBSC exhibited a slow weight-loss at the beginning 
of the experiment and their weights hardly changed after 
about 30 h. It seems that their films cannot be degraded 
by the P(3HB) depolymerase. In order to further clear 
the enzymatic degradation properties of PBSA and 
PBSC, the UV absorption of the buffer solutions in
cluding PBSA or PBSC films was observed at the 
wavelength of 208 nm. As shown in Figure 9, the 
absorbance of PBSA (or PBSC) buffer solution without 
enzyme increased with the exposure time for the first 
40 h. This increase may be arisen mainly from simple 
hydrolytic degradation of polymer to water-soluble 
oligomer products. After keeping the film-buffer solu
tion at 37oc for 3 days, the absorbance changed no 
longer with the exposure time. Then at the lOOth hour, 
the enzyme was added into the buffer solution. In this 
case, the absorbance also did not change with the 
exposure time. This suggests that the P(3HB) depolym
erase is inactive to the hydrolysis of pure PBSA and 
PBSC films. 

The UV absorption of the buffer solution including 
the films of the AB50 or CB50 blend was observed to 
confirm spectroscopically the different enzymatic deg
radation behavior between the AB blends and the CB 
blends. Figure 10 shows the results. For the AB50 blend, 
after an induction period the absorbance increased 
proportionally with the exposure time, indicating that 
the enzymatic degradation proceeded at constant rate. 
For the CB50 blend, it can be seen that the degradation 
rate decreased a little with exposure time. Thus, the 
results obtained by UV absorption coincide well with 
those obtained by the measurements of weight-loss. 

1 H N M R Analysis 
1 H NMR spectra of the blend films before and after 

enzymatic degradation were recorded to calculate the 
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Figure 10. Change in UV absorbance of AB50 and CB50 blend 
film-enzyme buffer solution at the wavelength 208 nm. 37oC and pH 7.5. 
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Figure 1 l. Average weight loss rates of each component in AB blend. 
Calculated from Table IV: (.) P(3HB); (D) PBSA. 

Table IV. The weight-loss and change of P(3HB) content in AB blends after enzymatic degradation 

P(3HB) content in blend filmsjwt% Weight lossjmg 
Blend Initial weight/mg Exposure time/h 

Before degradation After degradation Blend P(3HB)' PBS A" 

PBSA 11.57 96 0 0 0.74 
ABlO 12.58 96 10 6.2 4.17 0.74 3.43 
AB25 11.05 96 25 8.2 6.13 2.36 3.77 
AB40 11.46 57 40 0.0 7.14 4.58 2.56 
ABSO 12.22 40 50 28.9 6.36 4.42 1.94 
AB60 7.04 24 60 49.6 3.48 2.46 1.02 
AB75 10.94 36 75 69.4 7.40 5.75 1.65 
AB90 11.51 8 90 89.7 4.10 3.71 0.39 
P(3HB) 8.18 16 100 100 2.43 

'Calculated from initial blend weight. P(3HB) content before and after degradation, blend weight loss. 

Table V. The weight-loss and change of P(3HB) content in CB blends after enzymatic degradation 
-------- ------------

P(3HB) content in blend filmsjwt% Weight loss/mg 
Blend Initial weight/mg Exposure time/h 

Before degradation After degradation Blend P(3HB)' PBSC' 

PBSC 25.49 96 0 0 0.84 
CBIO 13.66 96 10 1.9 1.82 1.14 0.68 
CB25 13.10 96 25 8.0 4.33 2.57 1.76 
CB40 13.68 96 40 18.8 4.19 3.69 0.50 
CBSO 15.19 96 50 31.8 5.20 4.42 0.78 
CB60 11.15 96 60 51.2 4.26 3.16 1.10 
CB75 13.46 96 75 67.0 7.03 5.79 1.24 
CB90 9.55 8 90 88.5 3.10 2.89 0.21 
P(3HB) 8.18 16 100 100 2.43 

'Calculated from initial blend weight, P(3HB) content before and after degradation, blend weight loss. 

P(3HB) contents in blend films after enzymatic degra
dation. The relative intensities of the proton resonances 
arisen from the methine group (CH(/1)) of P(3HB) units 
(b = 5.2 ppm) and of PBSA or PBSC units (b = 
4.1 ppm) were used to estimate the P(3HB) contents in 
the AB and CB blends after degradation, which are 
listed in Tables IV and V, respectively. 

It is clear that the P(3HB) contents in both the AB 
and CB blends decreased after degradation. This result 
is reasonable as the P(3HB) depolymerase is inactive to 
the hydrolysis of pure PBSA and PBSC. What is interest
ing is the weight-loss of each component in the blend 
films. As shown in Table IV, the amounts of weight
loss of PBSA component in the ABIO and AB25 blend 
films after 96 h exposure were 3.43 mg and 3. 77 mg, re-
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spectively, which were about five times larger than that 
found in the pure PBSA film (0. 74 mg) at the same ex
posure time. In Table V, the amount of weight-loss of 
PBSC component in the CB25 blend (I. 76 mg) was 
about two times larger than that in pure PBSC film 
after the exposure time of 96 h. Figure II shows the 
average rate of weight-loss for each component in the 
AB blends, calculated from the data shown in Table 
IV. It is clear that the PBSA component in the blend 
showed a relatively large average weight-loss rate in 
all composition range comparing to pure PBSA film. 
The average weight-loss rate of PBSA component in 
the blend was about five times larger than that of pure 
PBSA and was about a half as that of P(3HB) compo
nent in the AB50 blend. 
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Figure 12. Plot ofP(3HB) content after 96 h degradation versus initial 
P(3HB) content in CB blends. 

The weight-loss ofPBSA (or PBSC) component in the 
blends may be arisen from the following three factors: 
(I) simple hydrolytic degradation of polymer to water
soluble oligomer; (2) The falling off of PBSA (or 
PBSC) from the film. Especially for the films with high 
P(3HB) contents, P(3HB) and PBSA (or PBSC) should 
constitute the continuous and dispersed phase, respec
tively. So PBSA (or PBSC) will fall off from the blend 
film with progress in the erosion ofP(3HB); (3) Enzymatic 
degradation ofPBSA (or PBSC) induced by the presence 
of P(3HB). Studies on the chemosynthesised atactic 
P(R,S-3HB) have shown that atactic P(R,S-3HB) un
derwent enzymatic attack when it blended with natural 
P(3HB)29 or P(3HB-3HV), 30 but it alone didn't bio
degrade. Similar induced biodegradation has been also 
observed for chemosynthetic [(R,S)-{3-butyrolactone]
b-pivalolactone copolymers. 38 The similar case may 
also occur in the AB and CB blends. 

As the weight-loss of pure PBSA (or PBSC) film is 
small, at least the factor (I) should not be the main 
factor. The factor (2) may be the main ones for the blends 
with high P(3HB) content but cannot be the main ones 
for those with low P(3HB) content. So the factor (3) 
may be responsible for the large weight-loss or high 
weight-loss rate of PBSA component in the blend with 
low P(3HB) content. It needs further studies on the 
degradation products to draw such a conclusion. 

It has been found that the P(3HB) depolymerase of 
Alcaligenes faecalis Tl has a hydrophobic binding 
domain in addition to a catalytic domain, 39 and it was 
suggested that the enzymatic degradation take place via 
two steps: the first is adsorption of enzyme on the film 
surface and the second is hydrolysis of polymer chain 
into water-soluble products by the catalytic domain.40 

Abe et al. 29 have attributed the observed non biode
gradability of P(R,S-3HB) to the difficulty of the ad
sorption step. The case for PBSA and PBSC may be 
similar. 

Another fact worthy to point out is that the films of 
AB40 blend remain integrity even the content of P(3HB) 
in blend changed to 0% after 57 h degradation (Table 
IV). This result conforms that PBSA constitutes a 
continuous phase in AB40 blend. 

The P(3HB) contents in the CB blends after 96 h 
degradation are also shown in Figure 12. Comparing to 
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those before degradation, which are represented by the 
spotted line, it is clear that the change of P(3HB) con
tent is large at low P(3HB) content while small at higher 
P(3HB) content. This result may come from the change 
of morphology of blends with the change of P(3HB) 
content. 

CONCLUSIONS 

P(3HB) and PBSA and also P(3HB) and PBSC 
polymers are found to be immiscible in the amorphous 
state. Both PBSA/P(3HB) (AB) and PBSC/P(3HB) (CB) 
blends show two distinct glass transition temperatures 
independent of composition. The radial growth rates of 
P(3HB) spherulite in these blends were almost the same 
irrespective of the P(3HB) content ranged from 50 wt% 
to IOOwt%. 

The biodegradation behavior by the P(3HB) depolym
erase of AB and CB blends is found to depend on the 
blend composition. The UV absorption experiments of 
the buffer solutions including PBSA · or PBSC films 
suggested that the P(3HB) depolymerase is inactive to 
the hydrolysis of both PBSA and PBSC films and so 
the weight-loss of pure PBSA or PBSC in P(3HB) de
polymerase solution may be arisen mainly from the 
simple hydrolytic degradation of polymer to water
soluble oligomer products. In general, the weight-loss 
rates of the blends increase with the increase of P(3HB) 
content except the blend contained 90 wt% P(3HB), in 
which a weight-loss rate was about three times larger 
than pure P(3HB) films. In the first 30 h degradation in 
the presence of P(3HB) depolymerase, all the AB blends 
show constant weight-loss rate while no CB blends show 
the same degradation behavior except CB90 blend. This 
different degradation behavior may be due to the fact 
that PBSC has some compatibility with P(3HB) while 
PBSA has not. 

1 H NMR analysis makes it clear that P(3HB) contents 
in both AB and CB blends decreased after degradation. 
However, what is interesting is the amounts of weight
loss of PBSA component in the ABIO and AB25 blend 
films after 96 h exposure were about five times larger than 
that found in the pure PBSA film at the same exposure 
time and the average weight-loss rate of PBSA compo
nent in blend was about five times larger than that of 
pure PBSA. Enzymatic degradation of PBSA (or PBSC) 
induced by the presence of P(3HB) may be responsible 
for the large weight-loss or high weight-loss rate ofPBSA 
component in the blend with low P(3HB) content. 
Further studies on the degradation products may con
firm this point. 

The results obtained in this paper suggest that the 
biodegradability of biodegradable aliphatic polyester is 
controllable by blending. 
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