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Abstract Blends of bacterial poly((R)-3-hydroxybuty-

rate) (PHB) and poly(L-lactic acid) (PLLA) synthesized by

polycondensation of L-lactic acid or by ring-opening

polymerization of L-lactide were studied. Miscibility was

investigated through both conventional differential scan-

ning calorimetry (DSC) and temperature-modulated DSC

(TMDSC). PHB and low-molar mass PLLA were miscible

in a whole concentration range, and a single glass transition

temperature was observed. On the other hand, PHB/high-

molar mass PLLA mixtures phase separate, giving rise to

two glass transition temperatures corresponding to PHB

and PLLA. A treatment of blends at 190 �C leads to for-

mation of block/multiblock/random copolymers, and

blends become miscible.

Keywords Poly((R)-3-hydroxybutyrate) � Poly(L-lactic

acid) � Poly(L-lactide) � Miscibility � DSC � TMDSC

Introduction

Poly((R-)3-hydroxybutyrate) (PHB) has been recognized as

a potential environment-friendly substitute for petroleum-

based plastic [1]. It is produced by a variety of bacteria.

The polymer is linear, highly stereoregular, biodegradable,

and biocompatible and, thus, suitable for many biomedical

and packaging applications [2, 3]. However, PHB has

several shortcomings like brittleness and thermal instability

close to its melting point. This causes obstacles for ther-

moplastic processing technologies. PHB is a highly

crystalline polymer, and the growth of cracks within its

large spherulites deteriorates its mechanical properties due

to secondary crystallization [4].

To overcome these shortcomings of PHB, several

approaches have been investigated as follows.

(i) An interesting solution to the problem relies in the

biosynthesis of copolymers containing hydroxyalk-

anoate units other than 3-hydroxybutyrate.

(ii) Chemical modification aims to introduce other struc-

tural units into the PHB backbone. The process can be

carried out by transesterification reactions of PHB

with other polyesters in solution or melt.

(iii) The third approach involves physical modification,

i.e., blending of PHB with other polymers using

compatibilizers.

Blends of bacterial isotactic PHB and synthetic atactic

PHB are miscible when the content of atactic PHB is above

60% [5]. Miscibility of PHB and polyvinyl alcohol depends

on the content of residual vinyl acetate structural units [6].

PHB is miscible with poly[(e-caprolactone)-co-(D,L-lac-

tide)] (when the content of the lactic acid structural units is

above 41 mol% [7]), and also with poly(oxyethylene) [8]

and ethyl cellulose [9].

On the other hand, the blends of PHB and poly(3-hy-

droxyvalerate) (PHV) include separate phase domains in

the melt which consequently crystallize like PHB and PHV

types of spherulites [10]. PHB and poly(e-caprolactone)

form immiscible blends [11].

The mixtures of PHB (viscosity-average molar mass,

Mv = 300,000 g mol-1) and poly(D,L-lactide) (number-

average molar mass Mn = 43,000 g mol-1) show on DSC

traces two separate glass transition temperatures (Tg)

independently of the composition, indicating thus their

immiscibility [12].
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On the other hand blends PHB (Mw = 230,000

g mol-1, Mn = 87,000 g mol-1) and with more than 50%

of poly(D,L-lactic acid) (Resomer R206) were reported

miscible based on modulated DSC and DMA [13].

The miscibility of PHB (Mn = 222,000 g mol-1,

weight-average molar mass Mw = 794,000 g mol-1) with

low-molar mass poly(L-lactic acid) (PLLA) (Mn =

1,759 g mol-1) and high-molar mass PLLA (Mn =

159,400 g mol-1 and Mw = 416,600 g mol-1) was studied

by means of polarization microscopy in Ref. [14]. The

former mixtures were miscible whereas the latter showed

clearly biphasic separation indicating immiscibility.

We aim to study miscibilities of PHB with both low- and

high-molar mass PLLA by DSC or temperature-modulated

DSC (TMDSC) in those cases where conventional DSC

failed. The effect of sample annealing at 190 �C on DSC

traces is also investigated.

Experimental

Materials

Poly((R-)3-hydroxybutyrate) (PHB) purchased from Bio-

mer was purified by reprecipitation from a chloroform

solution to methanol (Mv = 285,500 g mol-1). L-lactide

from Sigma-Aldrich was purified by a two-fold crystalli-

zation from ethyl acetate. L-lactic acid (98%) from Sigma-

Aldrich, chloroform p.a. (99.8%) and dichloromethane p.a.

(99.9%) from Penta were used as received.

Preparation of poly(L-lactic acid) (PLLA)

Polycondensation of L-lactic acid

L-Lactic acid (310 cm3) was introduced to a flask equipped

with a side arm and a capillary inlet of argon. An air

condenser leading to a dry ice/ethanol-cooled receiver was

placed on the main arm. The flask was heated by a silicon-

oil bath. At defined time periods, the pressure in the system

was decreased while the temperature was increased

according to Table 1.

After 31 h of polycondensation, the reaction product

was dissolved in dichloromethane and precipitated into

methanol. The precipitate was dried at room temperature

and 20 Pa for 48 h. Mv of poly(L-lactic acid) prepared by

polycondensation (PLLAcond) was determined to be

9,200 g mol-1.

Polymerization of L-lactide

Recrystallized L-lactide was polymerized in an ampoule

with tin(II) 2-ethylhexanoate (0.1 mol% as related to

L-lactide) at 160 �C for 2.5 h. The product of the poly-

merization was dissolved in dichloromethane and precipi-

tated into methanol. Poly(L-lactic acid) thus obtained

(PLLAROP) was dried to constant mass at room tempera-

ture and 20 Pa (for 48 h) [15]. Mv of PLLAROP was

determined to be 153,100 g mol-1.

Determination of molar mass

The Mark–Houwink constants (cf. Table 2) were used to

calculate Mv. Limiting viscosity numbers [g] were calcu-

lated using the Huggins equation.

Preparation of the PHB–PLLA foils

The mixture of PHB and PLLA (0.2 g) having the desired

composition was dissolved in 5 cm3 of chloroform at room

temperature (3 h of dissolving). The solution was then

poured to a Petri dish (5 cm diameter), the solvent was left

to slowly evaporate at room temperature and finally the

foils were dried at 20 �C and 20 Pa to constant mass.

DSC

DSC measurements were performed using the DSC module

Q100 (TA Instruments) at 50 cm3 min-1 flow rate of

nitrogen with sample weight about 5 mg in hermetic alu-

minum pan:

1st run: -10 to 190 �C, heating rate 10 �C min-1,

isothermal at 190 �C (3 min), quenching in liquid nitrogen.

2nd run: (a) -20 to 190 �C, heating rate 10 �C min-1 or (b)

temperature-modulated DSC (TMDSC) -20 to 190 �C,

heating rate 2 �C min-1, modulation ±1 �C/60 s.

Table 1 Reaction conditions of polycondensation of poly(L-lactic

acid)

Duration of the

given period/h

Temperature/�C Pressure/Pa

1 100 *67,000

1 120 *60,000

4 150 *50,000

3 150 *10,000

2 150 *270

20 175 *13

Table 2 Values of the Mark–Houwink constants K and a used for

viscometric determination of Mv in chloroform at 30 �C

K 9 103/cm3 g-1 a Lit.

PHB 11.8 0.78 [16]

PLLA 13.1 0.759 [17]
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Discussion

Poly((R)-3-hydroxybutyrate) (PHB) having Mv =

285,500 g mol-1 and two types of poly(L-lactic acid)

(PLLA) differing in molar mass and in the way of prepa-

ration (see ‘‘Experimental’’ section) were used to study the

miscibility. ‘‘Low-molar mass’’ PLLA (denoted as PLLA-

cond) having Mv = 9,200 g mol-1 was prepared by poly-

condensation of L-lactic acid whereas ‘‘high-molar mass’’

PLLA (denoted as PLLAROP) having Mv = 153,000 g mol-1

was prepared by the ring-opening polymerization of

L-lactide, initiated by tin(II) 2-ethylhexanoate.

DSC traces recorded at the second heating cycle (after

quenching) of the polymer samples used to study the

miscibility are presented in Fig. 1. The second run could be

affected by the degradation of PHB above its melting point;

therefore, annealing time was only 3 min (190 �C). Glass

transition temperature (Tg) of the PLLAcond sample is by

10 �C lower than that of the PLLAROP sample. The dif-

ference in Tg values reflects not only different molar

masses but also the presence of low-molar mass products in

PLLAcond acting as inherent plasticizers lowering Tg. The

DSC curves of these two PLLA samples differ also in the

position (abscissa) of the melting endotherm which lies for

PLLAcond at a temperature lower by 30 �C than for

PLLAROP; in contrast, the half-width of the melting

endotherm of the PLLAcond is broader due to the difference

in molar mass of the measured samples (more than an order

of magnitude). The shift of the peaks of cold crystallization

(approx. 10 �C) is related to the difference in the flexibility

of the chains and their ability to form a crystalline struc-

ture. The PHB sample shows Tg = 6 �C, exotherm of cold

crystallization at ca. 50 �C, and melting temperature (Tm)

at 170 �C, these values being similar to those reported in

the literature [18].

The PHB/PLLA mixtures were prepared from their

solutions in chloroform which is a thermodynamically

good solvent for both polymers and no equivalent sub-

stitute of it can be found for the preparation of polymer

mixtures based on PHB. All foils prepared by evaporating

the solvent were always homogeneous.

The miscibility of the mixtures was assessed on the basis

of Tg values, as measured by DSC. Both polymers contain a

high fraction of the crystalline phase and, at the first heating

cycle, Tg is difficult to detect. Thus, before the determination

of Tg, the sample of the polymer mixture is kept for some

time above its melting temperature and then quickly cooled

(quenched) to suppress the crystallization of the polymers

and get basically amorphous sample. Using this procedure, it

was possible to read reliably the Tg values of both homo-

polymers (Fig. 1) as well as the PHB/PLLAcond mixtures, as

demonstrated in Fig. 2 for the 40/60 mixture.

The PHB/PLLAcond mixtures

First we have focused on the miscibility of the PHB/

PLLAcond mixtures. Next to the change of the heat capacity

of the sample (the inflection assigned to Tg), the peak of the

cold crystallization of both components was detected

(Fig. 2). A doublet follows, corresponding to the melting

endotherm but having a shape different from that recorded

at the first heating cycle. This may indicate also changes of

the structure of the polymers due to thermal treatment. The

presence of a single Tg value lying between the Tg values of

both components confirms their miscibility in amorphous

regions.

The results of the dependence of Tg on the PHB/PLLAcond

composition of all mixtures prepared are illustrated in Fig. 3.

Only a single Tg was indicated for the PHB/PLLAcond mix-

tures and its value ranged, depending on the composition of

the mixture, between 6 �C (Tg of PHB) and 54 �C (Tg of
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PLLAcond). The presence of only one Tg confirms that the

amorphous phases of both polymeric components are mis-

cible in the whole concentration range.

The Tg values obtained were compared to those calcu-

lated using the Fox equation [19] (cf. Table 3):

1

Tg

¼ wPHB

TgPHB

þ wPLLA

TgPLLA

where wPHB, wPLLA, TgPHB, TgPLLA, and Tg are, respec-

tively, mass fraction of PHB and PLLA, and glass transi-

tion temperatures of PHB, PLLA, and the mixture of

polymers (in K).

The experimental Tg versus composition dependence

does not fit precisely that predicted by the Fox equation.

Possible explanation is that, during the quenching of the

melt, the PLLAcond segments crystallize more quickly than

the PHB ones (see Fig. 1) and, consequently, the amor-

phous regions of the mixture contain more amorphous

PHB than would correspond to the PHB/PLLAcond ratio in

the original sample.

The maxima of the melting endotherms and melting

enthalpies of both components of the mixture are given in

Table 3. Both PHB and PLLAcond form their own crys-

talline structures (there is a doublet of the melting endo-

therm in the DSC trace), even though the crystallization of

the PHB and PLLAcond components manifests itself by a

single peak of the cold crystallization, as shown in Fig. 2.

In the first heating cycle, the melting endotherms of

PLLAcond and PHB are well separated, but the melting

enthalpies pertaining to PLLAcond and PHB cannot be

reliably determined. Therefore, also the melting enthalpies

of both components are given in Table 3. In the second

heating cycle, the separation of the peaks is less pro-

nounced and the melting endotherm of PHB decreases

more markedly. The melting enthalpy of the mixture is

lower for the second heating cycle than for the first one,
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and this difference increases with increasing content of

PLLAcond in the mixture, see Table 3. This is a further

evidence of the structural changes of the polymer chains

caused by thermal treatment of the mixture, as discussed

below.

The PHB/PLLAROP mixtures

Unlike PLLAcond (Tm = 146 �C), the melting endotherm

of PLLAROP lies at 179 �C and is by 10 �C higher than that

of PHB, see Fig. 1. It is seen in Fig. 4 that the melting

endotherms of PHB and PLLAROP in the 40/60 mixture are

close to each other (a shoulder is on the trace). In the first

heating cycle a peak appears with the melting endotherm at

146 �C and a low melting enthalpy but it disappears in the

second heating cycle. As in the previous paragraph, a

quenched sample was used to measure Tg of the mixture.

Two well-separated cold-crystallization exotherms

(DT & 40 �C) are present in the trace (the first corresponds

to PHB, the second to PLLAROP), followed by the melting

endotherm. If the PHB/PLLAROP 40/60 mixture is misci-

ble, then Tg would be approx. 27 �C (see Fig. 3). However,

there is no observable change of heat capacity in Fig. 4. In

case the polymers are immiscible, the change of heat

capacity of (amorphous) PLLAROP is ‘‘hidden’’ in the

exotherm of the cold crystallization of PHB. Hence, the

TMDSC technique was used to reliably determine Tg of the

mixture under study because it enables the total heat flow

to be divided into reversing and nonreversing part, the

former being a contribution of the heat capacity.

The TMDSC trace of the PHB/PLLAROP 40/60 sample,

prepared by quenching the melt, at a heating rate of

2 �C min-1 and a sinusoidal temperature modulation

of ±1 �C/60 s is presented in Fig. 5. The total heat flow

shows two cold-crystallization exotherms of the compo-

nents, that is, PHB and PLLAROP, and a melting endotherm

doublet. It follows from the comparison of the cold-crys-

tallization traces of the components in Figs 4 and 5 that the

shift toward lower temperatures for TMDSC is caused by a

lower heating rate (2 vs. 10 �C min-1). The trace of the

nonreversing heat flow shows the same exotherms and the

endotherm as that of the total one, as well as the same

maxima. The differences in enthalpies are influenced by

setting the base-line for the integration. Important infor-

mation on the properties of the mixtures was obtained from

reversing heat flow, the trace of which (Fig. 5) gives two

well-separated Tg’s related to either component.

Dependences of the reversing heat flow for all PHB/

PLLAROP mixture compositions under study are shown in

Fig. 6 All curves recorded for the mixtures contain two

well-identified Tg’s of the components, the values of which

are close to those of homopolymers and the extent of the

heat capacity of the sample reflects their fraction in the

mixture. Therefore, the PHB/PLLAROP mixtures thus pre-

pared are immiscible.

Thermal treatment of the mixtures of poly((R)-3-

hydroxybutyrate) and poly(L-lactic acid)

Changes of the position and integrated areas of the endo-

therms at the second heating cycle, as compared to the first

one, suggest not only a change of the crystalline arrange-

ment of the polymer molecules but also a change of the

chemical structure of the polymers, as mentioned above for

the PHB/PLLAcond mixtures. Miscibility of mixtures can

be influenced by a chemical modification, e.g., using

transesterification reactions proceeding between the PHB

and PLLA chains during the thermal treatment in the melt

or in a solution [20]. In addition to the time of heat-treat-

ing, the extent of the chemical reactions proceeding in the

system can be fundamentally affected by temperature, with

regard to the thermal stability of the polymer. It is known

that PHB is unstable above melting point. Up to 190 �C
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there is no significant weight loss (TGA) although changes

in molar mass are evidence of degradation of PHB back-

bone [21]. The decrease in molar mass is about 30% when

sample was annealed at 190 �C for 3 min. The more

important is random chain scission at ester groups, which

results in the formation of carboxyl and vinyl groups.

Hence, the temperature of the heat-treating the mixture at

190 �C (i.e., 10 �C above Tm of PLLAROP) represents a

compromise between the thermal stability of PHB and a

sufficient rate of chemical reactions proceeding between

the polymer chains.

The PHB/PLLAROP mixtures

The PHB/PLLAROP 50/50 mixture was heat-treated at

190 �C in a gas-tight capsule directly in the measuring cell

under nitrogen atmosphere for a chosen time period, then

the sample was quenched and finally the curve was

recorded in the TMDSC mode (heating rate 2 �C min-1,

sin modulation ±1 �C/60 s) (Fig. 7). The change of the

chemical structure can be deduced from the changes of Tg

values of the components and their post-crystallization. In

the trace taken after 3 h of heat-treating at 190 �C, a single

Tg appears (16 �C) corresponding to Tg found for the

miscible PHB/PLLAcond 50/50 mixture (19 �C, Fig. 3).

During the thermal exposition of both polymers, transe-

sterification reactions [20] between the chains could take

place (Eq. 1), leading to the formation of block copoly-

mers.

CO
+

O

OC

CO – O

O – OCO

ð1Þ

On the other hand, a substantial decrease in molar mass

of PHB during thermal treatment [21] contributes to mis-

cibility with PLLAROP.

The PHB/PLLAcond mixtures

The changes in DSC traces of the PHB/PLLAcond 50/50

sample were studied in a similar way as above. The sample

was heat-treated at 190 �C for a chosen time period, quen-

ched and heated (DSC, 10 �C min-1, Fig. 8). After 1 h of

heat-treating, both melting endotherms shifted to lower

values of temperature and the overall melting enthalpy

decreased. After 3 h of heat-treating, a single endotherm

appeared with temperature lower than Tm of any of both

components, and the melting enthalpy dropped to half the

value of the original sample. The trace recorded in the

second heating cycle contains, after 1 h of heat-treating, two

peaks of the cold crystallization, while a single peak after

3 h, even though during this experiment, unlike the mea-

surements of Tg, the samples were not quenched. Again,

these changes of melting endotherms and cold-crystalliza-

tion exotherms relate to the change of the chemical structure

of polymers. Similar to the case (a), also here the exchange

reactions can be considered to participate in the structural

changes of the copolymers (Eq. 1). However, the molar

mass of PLLAcond is by an order of magnitude lower than

that of PHB or PLLAROP, so that a higher content of end

groups (both hydroxy and carboxy) must be taken in

account. In this case, alcoholysis of the ester bonds of the

chains takes place in the structural changes (Eq. 2):

OH O – OC OH O – OC++
ð2Þ

PHB

PHB/PLLAROP 80/20

PHB/PLLAROP 60/40

PHB/PLLAROP 50/50
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Carboxy groups can undergo a condensation with

hydroxy groups of PLLAcond or with those formed by

alcoholysis (Eq. 2), the condensation being accompanied

by the release of water (Eq. 3). On the other hand, water

thus released or formed by the PHB scission [21] may

hydrolyze polymer chains (Eq. 4):

OH HOOC
–H2O

O – OC+
ð3Þ

O – OC + H2O OH + HOOC

ð4Þ

All these reactions lead in an ideal case to gradual for-

mation of multiblock or even statistical copolymer. This is

the reason why only a single melting endotherm and a

single Tg appear in the DSC traces, the latter depending on

the composition of the mixture.

Conclusions

Miscibility of a commercial sample of poly((R)-3-

hydroxybutyrate) (PHB) (Mv = 285,500 g mol-1) with

low-molar mass (Mv = 9,200 g mol-1) or high-molar

mass (Mv = 153,100 g mol-1) poly(L-lactic acid), pre-

pared either by a polycondensation of L-lactic acid or by a

ring-opening polymerization of L-lactide, was studied.

Mixtures of polymers having various compositions were

prepared by casting from chloroform solutions and, after

drying, analyzed by DSC.

Miscibility of the mixtures was assessed on the basis of

glass transition temperature determination (Tg). To get a

reliable Tg value, the sample was heat-treated at 190 �C for

3 min and then quenched in liquid nitrogen. Thus, basically

amorphous sample was analyzed. Applicability of the DSC

technique for the miscibility studies was influenced by the

value of Tg of the homopolymers or the miscible mixture

and also by the position of the peaks of cold crystallization

of both components.

PHB and low-molar mass PLLA were miscible within

the whole concentration range. The change of heat capacity

was followed by the peak of cold crystallization, and

classical DSC was sufficient for the study of the system. In

the case of PHB/high-molar mass PLLA mixtures, the

presence of separated peaks of cold crystallization on the

DSC trace disallowed Tg to be read. Hence, both misci-

bility and the phase separation of the components were

studied by temperature modulated DSC (TMDSC). It was

possible to determine reliably separate Tg’s of both com-

ponents from reversible flow TMDSC which indicates

immiscibility of the mixtures.

It followed from the analysis of the DSC traces that

thermal treatment applied to both types of mixtures under

study led to changes in chemical structure of (co)polymers.

Acknowledgements This research was supported by Czech Science

Foundation (grant no. 106/09/1378) and the research program MSM

6046137302.

References

1. Somleva MN, Snell KD, Beaulieu JJ, Peoples OP, Garrison BR,

Patterson NA. Production of polyhydroxybutyrate in switchgrass,

a value-added co-product in an important lignocellulosic biomass

crop. Plant Biotechnol J. 2008;6:663–78.

2. Eligio T, Riemont J, Sánchez R, Silva JFS. Characterization of

chemically modified poly(3-hydroxy-alkanoates) and their per-

formance as matrix for hormone release. Angew Macromol

Chem. 1999;270:69–75.

3. Williams SF, Martin DP, Horowitz DM, Peoples OP. PHA

applications: addressing the price performance issue I. Tissue

engineering. Int J Biol Macromol. 1999;25:111–21.

4. Koning GJM, Scheeren AHC, Lemstra PJ, Peeters M, Reynaers

H. Crystallization phenomena in bacterial poly[(R)-3-hydroxy-

butyrate]: 3. Toughening via texture changes. Polymer. 1994;35:

4598–605.

5. Pearce R, Jesudason J, Orts W, Marchessault RH, Bloembergen

S. Blends of bacterial and synthetic poly(b-hydroxybutyrate):

effect of tacticity on melting behaviour. Polymer. 1992;33:

4647–9.

6. Yoshie N, Azuma Y, Sakurai M, Inoue Y. Crystallization and

compatibility of poly(vinyl alcohol)/poly(3-hydroxybutyrate)

blends: influence of blend composition and tacticity of poly(vinyl

alcohol). J Appl Polym Sci. 1995;56:17–24.

7. He Y, Asakawa N, Masuda T, Cao A, Yoshie N, Inoue Y. The

miscibility and biodegradability of poly(3-hydroxybutyrate)

blends with poly(butylenesuccinate-co-butylene adipate) and

poly(butylene succinate-co-e-caprolactone). Eur Polym J. 2000;36:

2221–9.

8. Avella M, Martuscelli E. Poly-D-(-)(3-hydroxybutyrate)/

poly(ethylene oxide) blends: phase diagram, thermal and crys-

tallization behaviour. Polymer. 1988;29:1731–7.

1.50 0 h

1 h

3 h

63 °C 89 °C

81 °C

89 °C
11 6°C

142 °C 152 °C

136 °C

65 °C

128 °C

146 °C
164 °C

153 °C
65 J/g

62 J/g

36 J/g

37 J/g

29 J/g

0.75

E
xo

H
ea

t f
lo

w
/W

 g
–1

0.00

–0.75

–1.50
40 75 110

Temperature/°C
145 180

Fig. 8 DSC traces of the 50/50 (wt/wt) PHB/PLLAcond (Mv =

9,200 g mol-1) blend (curves parametrized by time of thermal

treatment at 190 �C). Heating rate 10 �C min-1, N2 purge

50 cm3 min-1

Mixtures poly((R)-3-hydroxybutyrate) and poly(L-lactic acid) subjected to DSC 659

123



9. Zhang L, Dengt X, Huang Z. Miscibility, thermal behaviour and

morphological structure of poly(3-hydroxybutyrate) and ethyl cel-

lulose binary blends. Polymer. 1997;38:5379–87.

10. Gassner F, Owen AJ. Some properties of poly(3-hydroxybuty-

rate)–poly(3-hydroxyvalerate) blends. Polym Int. 1996;39:215–9.

11. Kumagai Y, Doi Y. Enzymatic degradation and morphologies of

binary blends of microbial poly(3-hydroxy butyrate) with poly(e-
caprolactone), poly(1,4-butylene adipate and poly(vinyl acetate).

Polym Degrad Stab. 1992;36:241–8.

12. Zhang L, Xiong Ch, Deng X. Miscibility, crystallization and

morphology of poly(b-hydroxybutyrate)/poly(D,L-lactide) blends.

Polymer. 1996;37:235–41.

13. Gunaratne LMWK, Shanks RA. Miscibility, melting and crys-

tallization behavior of poly(hydroxybutyrate) and poly(D,L-lactic

acid) blends. Polym Eng Sci. 2008;48:1683–92.
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123


	Mixtures poly((R)-3-hydroxybutyrate) and poly(l-lactic acid) subjected to DSC
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of poly(l-lactic acid) (PLLA)
	Polycondensation of l-lactic acid
	Polymerization of l-lactide
	Determination of molar mass
	Preparation of the PHB--PLLA foils
	DSC


	Discussion
	The PHB/PLLAcond mixtures
	The PHB/PLLAROP mixtures
	Thermal treatment of the mixtures of poly((R)-3-hydroxybutyrate) and poly(l-lactic acid)
	The PHB/PLLAROP mixtures
	The PHB/PLLAcond mixtures


	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


