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Physical Properties of the Biodegradable Polymer

Compositions Containing Natural Polyesters and

their Synthetic Analogues
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Summary: The thermal, mechanical and thermo-mechanical properties of polymer

compositions, containing synthetic biodegradable polymers i.e. polylacide (PLA) and

aliphatic-aromatic copolyester (BTA), natural biopolyester n-PHB and its synthetic

atactic analog (a-PHB) were investigated. Thermal properties of the polymer com-

positions were studied by means of DSC . The compositions of various polymer

weight ratio were tested. Compositions containing BTA and n-PHB create polyphase

systems, what was confirmed by DSC. In this case the two Tg and two Tm values were

observed. Polymer compositions containing PLA and BTA showed different beha-

viours. At the BTA content up to 30 weight % only one Tg and one Tm were indicated.

At the increase of the BTA content to 50% weight and above, the two Tg, and two Tm

were observed. Mixtures of BTA with n-PHB, PLA and with a-PHB show considerably

greater values of the strain (e) in comparison with initial polymers (n-PHB, PLA). It was

found that in contrary to mixtures containing PLA, at the BTA content in the mixture

with n-PHB above 50% of weights increases not only the strain, but also the stress at

break (s). Strong increase of the e value in PLA/a-PHB mixtures with the content of a-

PHB above 30% of weights were observed.
Keywords: biodegradable polymers; blends; mechanical properties; thermal properties;

mechanical properties
Introduction

The well-known natural and synthetic bio-

degradable polymers not always satisfy the

technological and application requirements

what along with a high price of biopolymers

is a hindrance for their wider use. However,

profitable properties of biodegradable poly-

mer materials may be achieved by the

chemical or physical modification of plain

polymer components, their reactive proces-

sing and by preparation of polymer blends or

composites. Now, most attention turns on

such biodegradable polymers as biopolye-

sters like poly[(R)-3-hydroxybutyrate] (n-

PHB), copolymer of 3-hydroxybutyrate with
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3-hydroxyvalerate (PHBV) or 3-hydroxy-

hexanoate (NodaxTM), their synthetic ana-

logues and also polylactide (PLA) produced

from renewable raw materials.1

The high degree of crystallinity of natu-

ral n-PHB its brittleness, small unit elonga-

tion and the melting-point only 108C lower

than the temperature of its thermal degra-

dation considerably makes the industrial

processing difficult. Also the brittleness of

PLA and possible degradation at proces-

sing temperature (about 2008C) needs

suitable modification.2 Aliphatic-aromatic

polyester (BTA) produced by BASF under

trade name Ecoflex11 Possesses perfect

mechanical and processing properties and

its biodegradation properties may be tuned

by blending or addition of special additives.

The use of a synthetic analogue of natural

n-PHB i.e. atactic poly[(R,S)-3-hydroxybu-

tyrate] (a-PHB) gives large possibilities of
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the biodegradable polymers modification.3 It

was found, that this polymer undergoes total

degradation in the natural environment

(compost, sea water)4, and water-soluble

degradation products undergo bioassimila-

tion in the presence of chosen bacterial

strains.5 The presence of a-PHB in mixtures

with natural polyesters lowers the degree of

crystallinity and positively influences on their

mechanical and thermal properties.6,7

The aim of the present work was to study

the thermal and mechanical properties of

polymer compositions, containing synthetic

biodegradable polymers, PLA, BTA, nat-

ural n-PHB and its synthetic atactic analog

a-PHB.
Experimental

Materials

Natural poly[(R)-3-hydroxybutyrate] (n-

PHB), was used as received from BIOMER.

Synthetic biodegradable aliphatic-aromatic

copolyester (BTA) was used as kindly recei-

ved from BASF. Polylactide (PLA) was used

as received from GALACTIC. Atactic

poly[(R,S)-3-hydroxybutyrate] (a-PHB) was

synthesized by anionic polymerization of b-

butyrolactone and characterized as described

in.8

Preparation of Polymer Blends

Samples of n-PHB/BTA and PLA/BTA

granulate were obtained by the triple melt

extrusion of plain polymer mixtures (see

Table 1).

After each melt extrusion the product

was granulated and again melt extruded.

The specially constructed laboratory single-
Table 1.
Extruding temperatures of the polymer compositions in

Composition (weight ratio)

1

n-PHB/BTA (50/50) 100
n-PHB/BTA (30/70) 90
n-PHB/BTA (20/80) 85
PLA/BTA (70/30) 140
PLA/BTA (50/50) 120
PLA/BTA (30/70) 110
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screw extruder (diameter of screw - 12 mm,

lengths – 240 mm) and the laboratory

granulator (ZMP-TW, Gliwice, Poland)

were used for sample preparation.

Samples of PLA/a-PHB mixture were

prepared by dissolution of initial polymers

in chloroform (10% solution). The polymer

films were obtained by casting of prepared

solutions on a glass plates. The received

films were first dried at room temperature

during 72 hours and finally dried under

vacuum at 408C during 96 hours.

Characterisation Techniques

Size Exclusion Chromatography (SEC)

Molecular weights of the investigatedmate-

rials was determined by size exclusion

chromatography (SEC). The experiments

were carried out using a Spectra Physics

8800 solvent delivery system at the tem-

perature of 308K. A differential refract-

ometer Shodex SE61 was used as detector.

Chloroform was used as the eluent and

Polystyrene (PS) samples of narrow poly-

dispersity as standards.

Differential Scanning Calorimetry (DSC)

Thermal characteristics of the investigated

materials (sample weight of ca. 20 mg,

heating rate of 20C �min�1) were deter-

mined by differential scanning calorimetry

(DSC) on Du Pont 9900 apparatus using

sealed aluminium pans under nitrogen

atmosphere (flow rate of ca. 30 ml �min�1)

in the temperature range of �80 – þ2008C,
using the standards to the calibration with

the highest purity (Indium and Gallium).

Wide Angle X-Ray Scattering (WAXS)

X-ray diffraction patterns were recorded on

a wide-angle TUR M62 diffractometer
particular extruder warm zones.

Warm zones, 8C

2 3 4

180 135 130
180 135 110
180 135 100
180 170 155
180 160 125
180 150 115
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working in typical Bragg geometry with

CuKa, l¼ 0,154 nm and nickel filter.

Mechanical Properties of the Materials

Mechanical properties of the investigated

materials were determined using the

Instron Model 4204 tensile tester at

20 mm/min tensile speed. Samples of n-

PHB/BTA and PLA/BTA as a monofila-

ments with 1.35 mm diameter were

obtained by extrusion moulding (see Pre-

paration of polymer blends). Polymer

compositions of PLA/a-PHB were pre-

pared as a films with 10 mm width and

0.15 mm thick. In both cases distance

between the grips was 100 mm.

Thermo-Mechanical Properties of the Materials

Thermo-mechanical properties of the

investigated materials were determined

using Höppler consistometer, loading of

the samples was 30 kg/cm2, while heating

rate was 38C/min Samples for thermo-

mechanical tests were prepared by the

precipitation of the 5% chloroform solution

of initial polymers in hexane and then were

dried as described above. The tablets for

tests were formed from the obtained

material in special forms (13 mm diameter

and 10 mm height) under the pressure of

150 atm.
Results and Discussion

Properties of the Plain Polymers

The molecular weights, polydispersity, ther-

mal (Tm, Tg) and mechanical (e, s, E)

properties as well as crystal phase content
Table 2.
Molecular weights, polydispersity coefficients, thermal an
the plain polymers: n-PHB, PLA, BTA and a-PHB.

Code Mn Mw/Mn Tg [8C] Tm [8C]

n-PHB 200000 2.5 21.0 180.8
BTA 34000 2.1 �22.8 135.0

þ60.8
PLA 58000 1.9 55.9 173.9
a-PHB 6000 1.2 0.1 60.25

� DH(100%) n-PHB¼ 130J/g.9
��DH(100%) PLA¼ 93 J/g.10

nm-not measured.
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for the plain polymers are summarized in

Table 2.

The DSC curves recorded with repeated

heating-cooling cycles allowed the evalua-

tion of Tg values of the initial polymers in

the range�238C –þ618C (see Table 2). It is

obvious that they depend on the structure

of the polymers. As is seen from the dates

presented in Table 2 in opposite to PLA

and n-PHB, the BTA exhibited two glass

transition temperature with ranges of

vitrification with maximum at �238C and

618C, which should be connected with the

glass transition temperature of the area

created by flexible aliphatic and rigid

aromatic blocks, respectively.

For all plain polymers the endotherms of

melting were also observed. In the case of

n-PHB, PLA and BTA this is due to the

presence of the crystalline phase, as con-

firmed X-ray studies (Fig. 1a).

The endotherm of melting for a-PHB is

connected probably with the small ordering

of particles, however the value of enthalpy

DH is very small (see Table 2).

Properties of the Polymer Compositions

DSC data and preliminary mechanical tests

(Fig. 2) allowed selection of the tempera-

ture conditions for processing of investi-

gated compositions.

The obtained thermo-mechanical data

show, that the increase of the BTA content

in mixtures with PLA shifts the transition

temperature into viscous flow state to lower

temperatures, restricting also temperature

range of the rubber like state. For mixtures

of n-PHB with BTA the rubberlike state is
d mechanical properties and crystal phase content for

DH [J/g] Xc [%] s [MPa] e [%] E [MPa]

71.80 55.30� 29.00 4.50 2500
17.23 33.50 30.30 1650.0 100

47.43 50.96�� 45.00 14.00 1900
4.75 nm nm nm

www.ms-journal.de
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Figure 1.

X-ray diffraction profiles of the plain polymers: 1: n-PHB, 2: PLA, 3: BTA (a) and of the n-PHB/BTA (50/50%weight)

- 4 and PLA/BTA (50/50% weight) - 5 (b) polymer compositions.
less expressive and its temperature range is

considerably narrower. While for pure n-

PHB, in chosen research conditions, tem-

peratures appears between 1608C–1708C.
Similarly as in case of PLA/BTA mixture

with the increase of the BTA content, this

temperature range shifts to lower tempera-

tures. Extrusion temperatures in each zones

of extruder are summarized in the Table 1.

In the plasticizing zone (zones 2, 3) tem-

peratures were near or a little higher from

the melting point of n-PHB and PLA.

Temperatures in the extrusion head zone

were near or a little lower from the viscous-

liquid state temperature of the suitable

mixtures.
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Thermal Properties of the Biodegradable Polymer

Compositions

The changes of a polymer properties during

processing may be expected. They can

influence on manufacturing parameters

and mechanical properties of a polymer.

Therefore, the additional DSC studies of

the prepared polymer compositions were

performed (Table 3).

It was found, that compositions contain-

ing BTA and n-PHB create polyphase

systems, what confirms two glass transition

temperatures (Tg1, Tg2), and two melting-

points (Tm). The glass transition tempera-

ture in the negative area of temperatures

(Tg1) is a little lower from the glass
www.ms-journal.de
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Figure 2.

Thermo-mechanical curves of the plain polymers and respective compositions: a: BTA, b: PLA, c: n-PHB (I); d:

PLA/BTA (30/70% weight), e: PLA/BTA (50/50% weight), f: PLA/BTA (70/30% weight) (II); g: n-PHB/BTA (20/80%

weight), h: n-PHB/BTA (30/70% weight), i: n-PHB/BTA (50/50% weight) (III).
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Table 3.
Thermal properties of the biodegradable polymer compositions.

Composition Weight ratio Tg1 [8C] Tg2 [8C] Tm1 [8C] Tm2 [8C] DH1 [J/g] DH2 [J/g]

n-PHB/BTA 50/50 �26.30 47.40 147.40 183.00 1.70 16.40
30/70 �28.55 46.70 127.70 176.40 7.55 19.20
20/80 �30.40 46.10 125.70 179.80 12.65 7.40

PLA/BTA 70/30 54.30 nd 178.70 nd 23.05 nd
50/50 40.30 53.90 121.20 174.30 5.73 16.80
30/70 44.80 57.20 125.40 173.50 4.60 7.60

PLA/a-PHB 80/20 �5.40 55.10 173.20 nd 39.00 nd
70/30 �1.89 55.20 169.30 nd 38.90 nd
50/50 �1.27 66.10 163.10 nd 26.10 nd

nd-not detected.
transition temperature of BTA flexible

segments and shifts slightly to negative

temperatures with the increase of the BTA

content. While the glass transition tem-

perature in the positive temperatures area

(Tg2) is a superposition of both glass

transition temperatures of areas formed

by BTA stiff segments and of n-PHB glass

transition temperature. Values of Tg2 lie

above the glass transition temperature of n-

PHB and below the glass transition tem-

perature of BTA stiff segments. This

testifies about the presence in amorphous

areas of two phases formed by n-PHB and

BTA with mutually penetrating chains.

Two melting points of examined systems

testify about the presence of two different

crystal structures. About the presence of

the crystalline phase testify X-ray diffrac-

tion patterns presented on Fig. 1b.

On the other hand it should be empha-

sized that polymer compositions containing

PLA and BTA showed different beha-

viours. At the BTA content up to 30%

weight the mixture exhibits one Tg and
Table 4.
Mechanical properties of the biodegradable polymer m

Composition Weight ratio

n-PHB/BTA 50/50
30/70
20/80

PLA/BTA 70/30
50/50
30/70

PLA/a-PHB 80/20
70/30
50/50
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one Tm, what can testify about the

comparatively good miscibility of compo-

nents and the creation of homogeneous

structure. At the increase of the BTA

content to 50% weight and above, the two

Tg, and two Tm are observed. Tg in the

negative range of temperatures disappears,

and values of Tg1 and Tg2 are lower than

Tg for PLA and Tg2 for BTA.

The presence of so many transition

temperatures testifies about this that n-

PHB/BTA and PLA/BTA mixtures with a

content of BTA above 30% weight are

systems having complicated supramolecu-

lar structure.

Clearly two-phase polymer systems cre-

ate foils obtained from PLA/a-PHB mix-

tures, received by the evaporation of the

common solvent. This confirms two glass

transition temperatures from which Tg1

appears at negative temperatures, slightly

lower than Tg of a-PHB, and Tg2 is close to

Tg of PLA.

The compositions of PLA/a-PHB show

only the one Tm close to Tm of PLA, what
aterials.

s [Mpa] e [%] E [Mpa]

10.5 115.8 131.8
11.6 565.4 98.6
20.0 1406.0 100.2
46.0 830.0 1052.0
37.0 880.5 663.0
22.0 957.0 313.0
21.0 19.0 1098.0
14.5 20.0 1172.0
12.0 69.5 664.0

www.ms-journal.de
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Figure 3.

Mechanical properties of the polymer compositions (a- stress at break, b-elongation at break). 1: n-PHB/BTA, 2:

PLA/BTA, 3: PLA/a-PHB.

� 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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is in contrary to previous sets. Thus the

amorphous phase of these mixtures consists

first from separated areas of a-PHB and

PLA, and the crystalline phase consists of

crystalline areas of PLA.11

Mechanical Properties of the Biodegradable

Polymer Composition

The mechanical properties of the biode-

gradable polymer compositions were depic-

ted in Table 4 and Fig. 3.

Fig. 3a shows dependences of stress at

break (s) and Fig. 3b shows the strain (e)
of investigated biodegradable polymer

compositions.

The content of BTA in themixturewith n-

PHB up to 50% weights decreases ‘s’ values

from 29 MPa to 10 MPa. Increasing of BTA

content to 70% and 80% increases ‘s’ values

to 12 MPa and 20 MPa, respectively.

The introduction of BTA to PLA

slightly increases the value ‘s’ to 46 MPa.

This value decreases to 22 MPa when the

BTA content is equal to 70% weights.

The substantial decrease of the strain ‘s’

is observed after introduction of synthetic

a-PHB to PLA, to the content 30% of

weights (45MPa and 14MPa, respectively).

The increase of a-PHB content to 50% of

weights decreases slightly the ‘s’ value (to

12 MPa).

It could be expected, that mixtures of

BTAwith n-PHB and PLAandwith a-PHB

will show considerably greater values of the

strain (e) in comparison with plain poly-

mers (n-PHB, PLA). It was found that in

contrary to mixtures containing PLA, at the

BTA content in the mixture with n-PHB

above 50% of weights increases not only

the strain, but also the stress at break (s).

Strongly increases the e value in mixtures of

PLA/a-PHB with the content of a-PHB

above 30% of weights (Fig. 3b). In mixtures

of PLA/BTA the essential increase of the e
value is observed at the content of BTA up

to 30% of weights and then this increase is

already less visible.
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Conclusions

The presented results demonstrate, that

synthetic biodegradable BTApolyester and

synthetic atactic poly[R, S)-3-hydroxybu-

tyrate] (a-PHB) can be efficiently used as

modifiers of the properties of natural

biodegradable polyester poly[(R)-3-hydro-

xybutyrate] (n-PHB) and of polylactide

(PLA) derived from renewable raw mate-

rials. The compositions studied are char-

acterized with high values of the strain (e)
and with satisfactory values of the stress at

break (s). They can be processed by

extrusion, extrusion blow molding and the

respective films may be obtained from melt

and solution.
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