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bstract

With the objective of developing new biodegradable materials, the miscibility and the crystallinity of blends of poly(3-hydroxybutyrate),
(3HB), and poly(3-hydroxybutyrate-co-3-hydroxyvalerate), P(3HB-co-3HV), have been studied. P(3HB) (300 kg mol−1)/P(3HB-co-3HV)–10%
HV (340 kg mol−1) blends were prepared by casting in a wide range of proportions, and characterized by differential scanning calorime-
ry (DSC) and Fourier transform infrared spectroscopy (FT-IR). The experimental values for the glass transition temperatures (Tg) are in
ood agreement with the values provided by the Fox equation, showing that the blends are miscible. It was observed that the Tg and the
elting temperature (Tm) decreases with the increase in the P(3HB-co-3HV)–10% 3HV content, while the crystallization temperature (Tc)
ncreases. FT-IR analyses confirmed the decrease on the crystallinity of P(3HB)/P(3HB-co-3HV)–10% 3HV blends with higher copoly-
er contents. Bands related to the crystallinity were changed, due to the copolymer content that produced miscible and less crystalline

lends.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Polyhydroxyalkanoates (PHAs) are a class of naturally occur-
ing biodegradable and biocompatible polyesters that are pro-
uced by a wide variety of different microorganisms [1,2]. Since
he conventional synthetic polymers have the disadvantage of
ow microbial decomposition rate and the lifetime of hundreds
f years when discarded into the environment, the PHAs have
een receiving keen interest, among all natural biodegradable
olymers, due to its mechanical properties similar to those of
ynthetic polymers [3,4].

Poly(3-hydroxybutyrate), P(3HB), discovered by Lemoigne

n 1925, is one of the most studied bacterial polyesters in
he PHA family [5–7]. P(3HB) is a highly crystalline ther-

oplastic polymer with a relatively high melting tempera-
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ure (170–180 ◦C) and a glass transition temperature in the
ange from 0 to 5 ◦C. Mechanically, P(3HB) is a brittle mate-
ial with a large elastic modulus and high tensile strength
5,6].

The copolymer P(3HB-co-3HV), released by ICI in 1983 as
iopol® [8], is more ductile and flexible than P(3HB) due to

he presence of 3-hydroxyvalerate (3HV) units in its molec-
lar structure [4,9]. The increase of the 3HV content in the
opolymer reduces the melting temperature and crystallinity,
owever, P(3HB-co-3HV) with low 3HV contents (<15 mol%)
s quite fragile [10]. Nevertheless, P(3HB) and P(3HB-co-3HV)
re promising candidates to be widely applied in many areas,
ncluding medicine, pharmacology, packaging and agriculture
5,11].

There are many references attempting to blend P(3HB) with

ther polymers, with the aim of improving its mechanical prop-
rties and its utility in daily applications [8]. However, blends
f P(3HB) and P(3HB-co-3HV) have been barely studied in the
iterature.

mailto:lcoelho@joinville.udesc.br
dx.doi.org/10.1016/j.tca.2006.07.018
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2 D.S. Conti et al. / Thermoc

Differential scanning calorimetry (DSC) is the method of
hoice to study the phase behavior of polymer blends [5], by the
etermination of the glass transition (Tg), crystallization (Tc),
nd melting temperatures (Tm) [12–15,18,19]. In the same way,
ourier transform infrared spectroscopy (FT-IR) has been suc-
essfully applied to the studies of crystalline/amorphous phase
ransition process of polymers, due to the fact that IR absorp-
ion bands are very sensitive to changes in intermolecular and
ntramolecular interactions and conformational changes of poly-

ers [7,10,14,16,18,29,30,31].
The objective of this work was to study the miscibility and

he crystallinity of P(3HB)/P(3HB-co-3HV)–10% 3HV blends
y DSC and FT-IR.

. Experimental

.1. Sample preparation

The biopolymers were supplied by PHB Industrial (Brazil)
ith the trade name Biocycle®, in the form of a white fine pow-
er. P(3HB) and P(3HB-co-3HV)–10% 3HV used in this work
re isotactic configuration (99.5%) and optically actives with
R” form. The specifications of these materials are summarized
n Table 1.

P(3HB)/P(3HB-co-3HV)–10% 3HV blends were prepared
s films by casting. The biopolymers were dissolved in chlo-
oform (1%, w/v for DSC analyses and 0.3%, w/v for FT-IR
nalyses) and kept under constant agitation. The solvent was
hen slowly evaporated in saturated atmosphere. The films were

◦
ried in a vacuum oven (24 h at 45 C) and stored in a desiccator.
he ratios (w/w) of P(3HB)/P(3HB-co-3HV)–10% 3HV blends
ere: 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60, 30/70,
0/80, 10/90 and 0/100.

able 1
pecification of biopolymers

iopolymer Identification
number

3HV content
(mol%)

Molar mass (Mw)
(kg mol−1)

(3HB) 57-2 0 300
(3HB-co-3HV) 58-2 10 340

2

b
t
a
i
b
e
T
o

able 2
SC results of P(3HB)/P(3HB-co-3HV)–10% 3HV blends

omposition Tg experimental (◦C) Tg calculated by Fox
equation (◦C)

Tc

00/0 0.90 0.90 –
0/10 – – –
0/20 −0.12 −0.07 –
0/30 – – 45
0/40 – – 44
0/50 – – –
0/60 −1.88 −1.99 47
0/70 – – 45
0/80 −2.32 −2.94 47
0/90 −3.01 −3.41 46
/100 −3.88 −3.88 49
a Acta 450 (2006) 61–66

.2. Differential scanning calorimetry (DSC)

DSC analyses of P(3HB)/P(3HB-co-3HV)–10% 3HV blends
ere performed to identify the transition temperatures (Tg, Tc

nd Tm), the enthalpies of these transitions and the degree
f crystallinity. The analyses were carried out in a Shimadzu
SC50 equipment at a heating rate of 10 ◦C min−1 in helium

tmosphere. The samples (about 4 mg) were placed in a alu-
inum vessel, heated from −120 to 200 ◦C (first heating),

ooled quickly to −140 ◦C and heated again to 200 ◦C (second
eating). The experimental values of Tg were compared with the
g calculated by Fox equation (1) [20]. In this equation: TgAB is

he calculated value of Tg of the blend, WA and WB are the mass
atios of components in the mixture, TgA and TgB are the values
f Tg of the pure components determined by DSC:

1

TgAB
= WA

TgA
+ WB

TgB
(1)

he degree of crystallinity (Xc) of the blends was calculated
y Eq. (2) [21], where �Hm◦ is the variation of the melting
nthalpy for PHB 100% crystalline (142 J/g) [22] and �Hm is
he variation of melting enthalpy of the blend during the first
eating determined by DSC (J/g).

c = �Hm

�Hm◦ × 100 (2)

.3. Fourier transform infrared spectroscopy (FT-IR)

FT-IR analyses of P(3HB)/P(3HB-co-3HV)–10% 3HV
lends were carried out to identify characteristic bands related
o amorphous and crystalline phases of the biopolymers, as well
s alterations in these bands (displacement and/or widening)
n function of the interactions between the components in the

lend. The analyses were done in a Perkin-Elmer Spectrum One
quipment, in the transmission mode, from 4000 to 450 cm−1.
he spectra were normalized with zero point at 629 cm−1 and
rdinate limit at 1.5 A.U.

(◦C) Tm1 (◦C) Tm2 (◦C) �Hm (J g−1) Xc (%)

156.4 167.3 73.7 51.9
155.6 167.1 77.8 54.8
152.7 165.2 69.6 49.0

.0 153.1 165.7 73.3 51.6

.0 150.8 166.4 61.9 43.6
150.8 166.5 67.7 47.7

.5 150.3 167.5 61.8 43.5

.0 148.7 166.0 56.0 39.4

.0 148.2 167.2 48.7 34.3

.9 144.8 166.8 49.4 34.8

.9 – 167.4 45.6 32.1
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. Results and discussion

.1. Calorimetric analyses

The DSC results for the different P(3HB)/P(3HB-co-
HV)–10% 3HV blends are showed in Table 2. The transition
emperatures (Tg, Tc and Tm) were determined in the second
eating (to eliminate the thermal history of the films), while
he enthalpies used to calculate the degree of crystallinity were
btained in the first heating (to determinate the crystallinity of
he blends obtained by casting). In some experiments it was
ot possible to visualize Tg and/or Tc, what is typical for poly-
ers with high degrees of crystallinity [23]. It was not observed

ny Tg for 90/10, 70/30, 60/40, 50/50 and 30/70 blends, even
fter quenching in liquid N2 from the melt. Therefore, for these
lends, it is not possible to state a miscibility behavior.

The degree of crystallinity of P(3HB)/P(3HB-co-3HV)–10%
HV blends decreased with the increase of copolymer content
nd this became markedly for 50/50 blends, as one can see in
able 2. This suggests that the increase in the disorganization
f the blends was due to the presence of P(3HB-co-3HV)–10%
HV since this copolymer is more amorphous. Similar results
ere also described by Scandola et al. [14].
It was detected that the Tg of the blends decreased with the

ncrease of copolymer content and that 80/20, 40/60, 20/80 and
0/90 blends presented only one Tg (Fig. 1). In addition, there
s a very good agreement between the experimental data and
alues provided by the Fox Equation (Table 2), that should be
n indicative that the blends are miscible in the amorphous phase,
s pointed out by Scandola et al. [14].

The second heating of some blends showed exothermic peaks
elated to a cold crystallization. The increase of the copoly-
er content in the blend provided an increase in the Tc, as

an be seen in Table 2 and Fig. 2. According to DSC results,

(3HB-co-3HV)–10% 3HV is less crystalline than P(3HB) and

he crystallization peak temperature for P(3HB) is lower than
hat for P(3HB-co-3HV), showing that higher temperatures are
eeded to disentangle the chains in the amorphous phase and

ig. 1. Glass transition temperatures of P(3HB)/P(3HB-co-3HV)–10% 3HV
lends.
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ig. 2. DSC heat flow melting curves of P(3HB)/P(3HB-co-3HV)–10% 3HV
lends.

o start a crystallization in the blends with higher copolymer
ontent.

The second heating for P(3HB) showed an additional small
elting peak (Tm1) before the principal peak (Tm2), as showed

n Fig. 2. The presence of multiple melting peaks is typical for
(3HB) and its copolymers [5]. The reasons for this behavior
an be: (1) partial melting, recrystallization and remelting; (2)
elting of crystals with different lamellar thickness; (3) melting

f different crystalline structures. Most of the works, however,
uggest that double melting peaks of P(3HB) are due to process
f melting, recrystallization and remelting [5,18].

The P(3HB-co-3HV)–10% 3HV presented only one melting
eak, as shown in Fig. 2. It was expected a reduction in the melt-
ng temperature due to the presence of 10 mol% of 3HV in the
tructure of this copolymer. The 3HV units contain ethyl groups,

arger than the methyl groups of 3HB that reduces the ordering
f the material causing a reduction in Tm, Tg and crystallinity
4,9]. In this work, however, the Tm of P(3HB-co-3HV)–10%



6 himica Acta 450 (2006) 61–66

3
T
c
K
a
i
s
m
1

v
p
i
(

o
m
b
P
i
P
d
3

v
O
t
m
c
(
a
p
c
c

3

s
w
p
H
i

F
a

F
c

m
t
p

t
fi
c
o
e
e

c
a
a
s
[
t
[
a
c
i
d
c

4 D.S. Conti et al. / Thermoc

HV presented essentially the same value of Tm2 of P(3HB).
his is an indicative that 10 mol% of 3HV were not enough to
hange the melting process. Similar results were obtained by
unioka et al. [24] which observed a Tm of 178 ◦C for P(3HB)

nd a Tm of 176 ◦C for P(3HB-co-3HV)–9% 3HV. In addition
t should be noted that the biopolymers used in this work have
imilar molar masses. This is related to little difference in the
elting temperatures of P(3HB) and P(3HB-co-3HV), even with

0 mol% of 3HV in the copolymer.
The blends presented the values of main melting peak (Tm2)

ery close to that of the pure biopolymers, while the first melting
eaks (Tm1) had decreased in area and numerical value with the
ncrease of P(3HB-co-3HV)–10% 3HV content in the blends
Table 2 and Fig. 2).

Two melting peaks are commonly observed for blends
f semicrystalline polymers. It is important to distinguish
elting peaks due to phase separation and those caused

y melting/recrystallization [17]. The results showed that
(3HB)/P(3HB-co-3HV)–10% 3HV blends presented two melt-

ng peaks due to the process of melting/recrystallization of
(3HB), since the temperature and area of the peak Tm1
ecreased clearly with the addition of P(3HB-co-3HV)–10%
HV (Table 2 and Fig. 2).

There is an almost linear relationship between Tm1 or Tm2
ersus copolymer content, as shown in Fig. 3. According to
rgan and Barham [25] this linear relation is an indicative of

he miscibility between the components of the blend during the
elting without phase separation. In addition these results indi-

ate that P(3HB) and P(3HB-co-3HV)–10% 3HV cocrystallized
polymers coexisted in a lamella) as already pointed out by other
uthors [17,26,27]. The cocrystallization in a lamella is a rare
henomenon observed only when the chemical structures of two
omponent polymers are very similar [16], as occurs with the
hemical structures of P(3HB) and P(3HB-co-3HV)–10% 3HV.

.2. FT-IR analyses

Both spectra of P(3HB) and P(3HB-co-3HV)–10% HV had
imilar appearance typical of P(3HB) crystalline spectrum. It

as not observed new bands of functional groups neither disap-
earing nor displacement of bands in the P(3HB-co-3HV)–10%
V spectrum. It is possible to conclude that 10 mol% of 3HV

n the P(3HB-co-3HV) were not enough to cause changes in the

ig. 3. Influence of P(3HB-co-3HV)–10% 3HV content in the melting temper-
tures of the blends.
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ig. 4. FT-IR spectra in the 3100–2800 cm−1 region of P(3HB) (—) and P(3HB-
o-3HV)–10% 3HV (- - - - -).

olecular structure of this copolymer. Therefore, some spec-
ral regions that have been related to crystalline and amorphous
hases of polymers were studied in this work.

The infrared absorption spectra of the polymers in the crys-
alline and amorphous states can differ for at least two reasons:
rst of all, specific intermolecular interactions may exist in the
rystalline polymer which lead to the sharpening or the splitting
f certain bands; and second, some specific conformations may
xist in just one phase, leading to bands which are characteristic
xclusively of either crystalline or amorphous material [32].

Fig. 4 shows the FT-IR spectra of P(3HB) and P(3HB-
o-3HV)–10% HV in the 3100–2800 cm−1 region. Bands
t 3015–2960, 2945–2925 and 2855–2865 cm−1 regions are
ssigned to CH3 asymmetric stretching, CH2 antisymmetric
tretching and CH3 symmetric stretching modes, respectively
29]. The bands at 3009, 2995, 2974 and 2967 cm−1 are ascribed
o the CH3 asymmetric stretching modes of the crystalline parts
7,29]. Zhang et al. [28] has observed that the intensity of band
t 2935 cm−1 increases gradually with the development of the
rystalline structure of P(3HB), and that the shift of CH3 stretch-
ng band from 2878 to 2873 cm−1 should be correlated to the
isordered to ordered conformational transition of P(3HB) in the
rystallization process. In this work it was verified that P(3HB)
resented the bands at 2996, 2975, 2933 and 2874 cm−1 with
ore intensity than P(3HB-co-3HV)–10% 3HV (Fig. 4) sug-

esting the higher crystallinity of P(3HB), as already presented
n DSC results. Comparing the FT-IR spectra of P(3HB) and
f a 80/20 blend (Fig. 5) the same behavior is observed, with
ore intense crystallization bands in P(3HB) spectrum. How-

ver, comparing FT-IR spectra of P(3HB-co-3HV)–10% HV and
f a 80/20 blend (Figs. 4 and 5), it is verified that the bands
elated to crystallinity are more intense in the 80/20 blend spec-
rum, suggesting a higher crystallinity for the blend, as already
resented in DSC results.

The part of the molecular structure in the repeat unit of
(3HB) is the same as that of polypropylene (PP), and the bands
ue to the helical forms of isotactic PP appear in the C–C stretch-

−1
ng vibration region (1000–800 cm ). Five crystalline bands at
78, 938, 929, 896 and 825 cm−1 of P(3HB) appearing in the
ange of 1000–800 cm−1 are correlated to the formation of the
1-helix structure of P(3HB) chain [28]. It was verified that these
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Fig. 5. FT-IR spectra in the 3100–2800 cm−1 region of P(3HB) (—) and of a
80/20 blend (- - - - -).
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ig. 6. FT-IR spectra in the 1030–800 cm−1 region of P(3HB) (—) and P(3HB-
o-3HV)–10% 3HV (- - - - -).

ands are relatively more intense for P(3HB) than for P(3HB-co-
HV)–10% 3HV (Fig. 6) indicating the more crystalline helical
tructure of P(3HB). Comparing the FT-IR spectra of P(3HB)
nd of a 20/80 blend (Fig. 7) it is noted that these bands are more
ntense for P(3HB) than for a 20/80 blend, confirming a more
rystalline structure for P(3HB).

It is well know that the bands of the C–O–C stretching

egion (1300–1000 cm−1) are very sensitive to the conforma-
ion of a polymer [18,29,31]. Four bands at 1289, 1279, 1263
nd 1228 cm−1 are very sensitive to the degree of crystallinity

ig. 7. FT-IR spectra in the 1030–800 cm−1 region of P(3HB) (—) and of a
0/80 blend (- - - - -).

t
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F
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ig. 8. FT-IR spectra in the 1500–1000 cm−1 region of P(3HB) (—) and P(3HB-
o-3HV)–10% 3HV (- - - - -).

31] and reflect the helical structure [7,18,29] whereas two bands
t 1302 and 1257 cm−1 arise from the random structures [7,29].
he bands at 1134, 1102 and 1060 cm−1 are also sensitive to

he degree of crystallinity, however, to a lesser extent [31].
ig. 8 shows the FT-IR spectra in the 1500–1000 cm−1 region
f P(3HB) and P(3HB-co-3HV)–10% 3HV. It was not found
ands at 1302 and 1257 cm−1, but it is verified that the P(3HB)
resented the bands at 1286, 1279, 1263, 1229, 1133, 1101 and
057 cm−1 more intense than P(3HB-co-3HV)–10% 3HV, indi-
ating that P(3HB) has a higher degree of crystallinity than the
ure copolymer, in agreement with the previous spectra and the
SC results.
In the 1800–1680 cm−1 region bands due to C O stretching

odes appear. The C O stretching band region consists of at
east two dominant bands. The sharp band at around 1723 cm−1

rises from the crystalline C O groups, and the broad band
t around 1740 cm−1 is attributed to the amorphous groups
7,10,14,18,28,29]. The bands at around 1731 and 1722 cm−1

rise from the crystalline state. Based on frequency and intensity,
he band at 1722 cm−1 may be assigned to the C O stretching

ode of the well-ordered crystalline state of P(3HB), and the
and at 1731 cm−1 may be due to the C O stretching mode of

he less ordered crystalline part of the polymer [7], which may
e related to the intermediate state [28,29]. The weak band at
686 cm−1 is very much characteristic of the crystalline state

ig. 9. FT-IR spectra in the 1900–1550 cm−1 region of P(3HB) (—) and of a
0/50 blend (- - - - -).
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29]. On the basis of its weak intensity and band position, this
and is related to the crystal defect which is caused by the inter-
ction of an OH end group and a C O group of P(3HB) [28].
ig. 9 shows that the P(3HB) presented the band at 1731 cm−1

ith a little more intensity than the 50/50 blend, suggesting the
igher crystallinity of P(3HB), although these materials had pre-
ented the same intensity in the band at 1687 cm−1.

. Conclusions

The miscibility and the crystallinity of P(3HB)/P(3HB-co-
HV) blends have been studied by DSC and FT-IR analyses. The
SC analyses showed that P(3HB) has a higher crystallinity than
(3HB-co-3HV)–10% 3HV and the blends, and that the increase
f P(3HB-co-3HV)–10% 3HV content in the blend decreased
he degree of crystallinity. It was verified by FT-IR that P(3HB)
resented some more intense and sharper bands than P(3HB-co-
HV)–10% 3HV and the blends. This behavior could be related
o a higher degree of crystallinity of P(3HB).

It was observed that most of the blends presented only one
g that agreed to the Tg calculated by the Fox equation, suggest-

ng that these blends are miscible in the amorphous phase. The
ncrease of P(3HB-co-3HV)–10% 3HV content in the blends
auses a decrease in the Tg and a increase in the Tc, probably
ue to the fact that the crystallization occurs in the P(3HB) eas-
er than in P(3HB-co-3HV). Nevertheless, it was not observed
ny Tg for some blends and, therefore, for these blends, it is not
ossible to state a miscibility behavior.

With regard to the melting process, it was verified that P(3HB)
nd the blends showed two melting peaks due to processes of
elting, recrystallization and remelting. The biopolymers pre-

ented essentially the same value of main melting peak, probably
ue to the small content of 3HV in the copolymer (only 10%)
nd the similar molar masses of the biopolymers. There was an
lmost linear relation between the melting peaks versus copoly-
er content, indicating miscibility in the melting and also a

ocrystallization of the components of the blends.
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