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ABSTRACT: Polyhydroxybutyrate (PHB) has a signifi-
cant instability at temperature close to the melting point.
The aim of this work was to improve the thermal resist-
ance of PHB by the addition of small amounts of two dif-
ferent types of clays: CloisiteV

R

Naþ (CNaþ) and CloisiteV
R

15A (C15A). C15A has more hydrophobic character and
interlayer distance than CNaþ. It was observed that the
addition of the organically modified montmorillonite
(MMT) increased by more than 15�C the thermal resistance
of the PHB while the addition of CNaþ reduced it. This
result was related to the different morphology of the final
materials. The maximum in the degradation temperature
of the nanocomposites with 4% of clay was in accordance
with the maximum in the percentage of crystallinity. How-

ever, the interlayer gallery distance of the C15A was
higher than the CNaþ in the PHB matrix, according to the
better thermal stability of the C15A due to the higher bar-
rier effect and the lower chain mobility. A slight increase
in the Young modulus of the polymer was observed with
the addition of C15A, due to the compatibility between
the MMT and PHB. The calorimetric and microscopy
results showed that clays did not accelerate the formation
of PHB spherulites nucleus, but the lamellar velocity was
accelerated. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123:
200–208, 2012
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INTRODUCTION

In recent years, there has been emphasis on devel-
opment of novel biodegradable materials with multi-
ple applications, as well as to improve certain prop-
erties of existing materials. Polyhydroxyalkanoates
(PHA’s), of which poly(hydroxybutyrate) (PHB) is
the most common, are biodegradable polymers pro-
duced by different types of microorganisms from
renewable sources such as sugar and molasses as in-
tracellular storage materials. For this reason, the
PHB does not contain any residues of catalysts like
other synthetic polymers. PHA’s are now under in-
tensive investigation because of its inherent property
as biodegradable thermoplastic. PHB is fully biode-
gradable polyester with optical activity, piezoelec-
tricity, and hydrophobicity, and it is a material with
a high melting temperature as well as degree of
crystallinity. A very interesting property of PHB is
its low O2, CO2, and H2O permeability, which is

close to that of low-density polyethylene. However,
they are still expensive, have a narrow processability
window and are quite stiff and brittle. The degree of
brittleness depends on the degree of crystallinity,
glass transition temperature, and microstructure.1–4

Very low resistance to thermal degradation seems
to be the most serious problem related to PHB proc-
essing, because after reaching melting point its ther-
mal degradation begins very quickly. The main reac-
tion involves chain scission, which results in a rapid
decrease in molecular weight and further degrada-
tion to crotonic acid at high temperatures.1,5–8

Recently, the development of nanocomposites by
incorporating nanoscaled fillers into a polymer ma-
trix is believed to become a key technology on
advanced composite materials. It is well-known that
nanocomposites obtained by the addition of low per-
centages of clay to polymers exhibited an improve-
ment in the properties such as, thermal and oxida-
tive barrier when they were compared with
traditional composites.6,9–11 The materials that fre-
quently exhibit remarkable improvements of mate-
rial properties are those in which the individual sili-
cate layers are separated in the polymer matrix. A
few percent of clay properly dispersed creates much
higher surface area for polymer/filler interaction
compared with conventional composites. One of the
methods commonly used to disperse the clay layers
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in the polymers is by intercalation from solution.
This method is good for the production of thin films
by intercalation of polymers with a little or no polar-
ity into the layered structures.12

The polymer properties depend on the crystalliza-
tion conditions, which influence the crystallization
kinetics. The clay addition plays a significant role on
the morphology and crystallization process. So it is
very useful to characterize the crystallization behav-
ior of clay/polymer nanocomposites and relate it
with their properties.7,13

The aim of this work was to improve the thermal
properties of PHB, obtaining nanocomposites with
two types of clays with different hydrophobicity.
The effect of the clay addition on the morphology
and crystallinity was also evaluated and related to
the thermal resistance results.

MATERIALS AND METHODS

Materials

A biodegradable polymer, PHB (Mn ¼ 42,500) was
kindly supplied by PHB Industrial S. A., Brazil.
Montmorillonite CloisiteV

R

Naþ and organically modi-
fied CloisiteV

R

C15A were supplied by Southern Clay
Products (TX). The organic modifier and the inter-
layer distance of the clays are shown in Table I.

Films of PHB and their nanocomposites were
obtained by casting process. Different amounts (2, 4,
6, and 10%w/w) of the two kinds of montmorillon-
ites and PHB (used as it was received), were homo-
geneously dispersed using chloroform as common
solvent. A homogeneous solution of PHB in chloro-
form was prepared by stirring at 450 rpm while
heating at 60�C, for 15 min. Then, the solution was
placed on glass Petri dishes, and it was allowed to
evaporate at room temperature. Nanocomposites
were prepared by the addition of a chloroform clay
solution, previously sonicated, to the PHB solution.
Thereafter, the same procedure to obtain the PHB
films was applied. All films were stored in a desic-
cator at room temperature for 30 days to allow com-
plete crystallization of PHB.14 The films thickness of
PHB and nanocomposites were 0.05 mm.

Methods

X-ray diffraction analyses (XRD) were performed
with KCu (k ¼ 1.54E) radiation in a Philips PW 1710
X-ray diffractometer system. Every scan was
recorded in the range of 2y ¼ 2 � 36� at a scan
speed of 2�/min with an X-ray tube operated at 45
kV and 30 mA. The interlayer distance in the struc-
ture of montmorillonite CloisiteV

R

Naþ and Cloisi-
teV

R

C15A was determined.11

Thermogravimetric measurements were performed
to study the thermal degradation of the films. This
test measures the mass loss as a function of tempera-
ture or time, for a given program of temperature.
The equipment used was a Mettler TA 4000 at a
heating rate of 10�C/min under nitrogen atmos-
phere. The samples (3–7 mg placed in an aluminum
pan) were heated up to 500�C.
Differential Scanning Calorimetric (DSC) analysis

of nanocomposites was made using a Perkin–Elmer
Pyris 1, under nitrogen atmosphere. Samples about 9
mg weight were taken for DSC measurements. The
glass transition (Tg), the melting temperatures (Tm)
and degree of crystallinity (Xc) of the samples were
determined.
The crystallinity was calculated according to the

following equation:

Xc ð%Þ ¼ DHm:ðmC=mPÞ
DH0

:100 (1)

where DHm was the melting enthalpy measured in
the heating or cooling experiments, DH0 is the theo-
retical enthalpy of PHB 100% crystalline (DH0 ¼ 146
J/g15), mc is the mass of the nanocomposite and mp

is the mass of PHB in the nanocomposite.
Nonisothermal crystallization from the melt was

carried out by heating the sample to 200�C and
maintaining it for 2 min, and then cooling at 5�C/
min to study the melting process. Polarized optical
microscopy (POM) was performed on the PHB and
nanocomposite films employing a Leica DMLB
microscope, with crossed polarizers. A thin sample
between two glass cover slips was placed inside the
Linkam shearing device and the temperature was

TABLE I
Organic Modifier and Interlayer Distance of the Clays

Clay Organic modifier
Concentration
of modifier

Interlayer
distance (d001)

CloisiteV
R

Naþ (CNa) – – 11.7 Å
CloisiteV

R

15A (C15A) CH3
j

CH3�Nþ�HT
j

HT

125 meq/100 g clay 31.5 Å
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raised at a rate of 20�C/min up to 200�C. The tem-
perature was kept for 2 min to ensure complete
melting and therefore, they were cooled at a rate of
50�C/min to the desired crystallization temperature,
Tc. The morphological features were captured in a
video camera Leica DC 100. The growth of spheru-
litic diameter as a function of time was monitored.

Test specimens were cut from the films obtained
by casting, using the punch to obtain a dog-bone
sample following ASTM D882-97. The samples were
subjected to microtensile test on an Instron Universal
Testing Machine, Model 4467. The crosshead speed
was 1 mm/min.

RESULTS AND DISCUSSION

Thermal degradation analysis was performed to
evaluate the effect of the addition of clays with dif-
ferent hydrophobicity on the thermal decomposition
behavior of PHB. The peak at 260�C in the DTG
curves that represents the decomposition of PHB,
was shifted to higher temperatures in the nanocom-
posites with C15A [Fig. 1(a)], indicating that the
addition of clay improves the thermal stability of
PHB. However, the composites containing CNaþ

showed lesser thermal stability than the pristine
polymer [Fig. 1(b)].

The organoclay may have two opposite functions in
the thermal stability of nanocomposites: a barrier
effect, which should improve the thermal stability or a
catalytic effect on the degradation of the polymer ma-
trix, which should decrease their thermal resistance.16

In general, the incorporation of clay into the poly-
mer matrix was found to enhance their thermal stabil-
ity. The clay acts as a heat barrier improving the over-
all thermal stability of the system. The presence of the
filler restricts the polymer chain mobility and assists
the char formation, during the thermal decomposition.

Besides, the silicate layers could hold accumulated
heat that can act as a heat source to accelerate the
decomposition process. In addition, the presence of
aluminum Lewis acid sites in the silicate layers
would increase the thermal degradation of polyest-
ers by catalyzing the hydrolysis of ester linkages,
and then it would produce a diminution of the ther-
mal degradation temperature.4,6,17,18

The diminution in the thermal stability of the
nanocomposites with the unmodified clay may be
explained by considering that the CNaþ should act
as physical barriers obstructing the transport of vola-
tile products out of the nanocomposites during ther-
mal decomposition. In this way, if the crotonic acid
(product of degradation of PHB) is not able to
escape, it should accelerate the degradation of PHB.
Other effect is the catalytic activity of MMT. The Al
Lewis acid sites could catalyze the hydrolysis of
ester linkages at high temperatures. It has been also

argued that after the early stages of thermal decom-
position the stacked silicate layers could hold accu-
mulated heat, acting as a heat source to accelerate
the decomposition process, in conjunction with the
heat flow supplied by the outside heat source.17,18

However, the nanocomposites with C15A showed
higher degradation temperatures than the PHB. The
thermal barrier effect is more important in those
composites, and it could be due to the better disper-
sion of the platelets in the polymer.11,19 It will be
discussed later the relationship among the thermal
behavior, clay dispersion, chain mobility, and glass
transition temperature.
As shown in Figure 1(a,b), a maximum increase in

thermal stability was recorded in the case of the
composites containing 4 wt % of clay. An optimum
clay loading for thermal stability enhancement was
also reported for PS and PET-based nanocompo-
sites.20 It was suggested that when a low clay frac-
tion is added to the polymer, the thermal barrier

Figure 1 Weight loss and DTG curves for PHB and nano-
composites: (a) PHB/4%CNaþ and (b) PHB/4%C15A.
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effect is predominant because the clay is better dis-
persed.21 However, the other effects become domi-
nant with increasing loading, decreasing the thermal
stability of the nanocomposite.

To investigate the dispersion of the montmorillon-
ite layers, XRD analyses were performed on the com-
posites. The XRD patterns of the unmodified clay
and the composites made with the addition of CNaþ

are showed in Figure 2. It was observed that the
MMT exhibits a single 001 diffraction peak around 2y
¼ 7.5� corresponding to an interlayer distance of 12.2
Å. This basal peak of the MMT was shifted to lower
angles in the composite with CNaþ, regardless the
clay content. These results should indicate that the
clay intergallery region was expanded. The polymer
chains entered into the silicate layers forming interca-
lated PHB/MMT nanocomposites, without reaching

complete exfoliation. Inversely, the C15A showed a
contraction when was incorporated to the PHB (Fig.
3). The modified montmorillonite (MMT) showed an
initial interlayer distance of 33.9 Å, which was
reduced up to 28.1 Å when the clay was added to the
polymer, shifting the basal peak to higher angles.
This contraction could be attributed to a rearrange-
ment of alkyl chains of the clay modifier during the
preparation of nanocomposites.22,23 Duquesne,19

found a decrease in clay interlayer spacing of Cloisite
30B and Cloisite Naþ after blending with ethylene
vinyl acetate. In spite of this, XRD measurements
revealed that the C15A was better dispersed in the
polymeric matrix than the CNaþ because of its higher
distance between the clay layers. This result could be
related to the higher thermal stability of the nano-
composites containing C15A than PHB and the ones
containing CNaþ.
With the aim to evaluate the influence of the crys-

tallinity on the thermal stability of the nanocompo-
sites, DSC analysis were performed (Fig. 4) and the
results were summarized in Table II. In general, it
was observed a small diminution in the percentage

Figure 3 XRD of nanocomposites with CloisiteV
R

C15A.

Figure 2 XRD of nanocomposites with CloisiteV
R

Naþ.
Figure 4 DSC melting curves for PHB, PHB/4%Naþ, and
PHB/4% C15A.

TABLE II
Enthalpy of Fusion and Percentage of Crystallinity

of the Materials

Tm (�C) Tg (
�C) Xc (%)

PHB 175.9 �5.8 66.5
þ2% CNaþ 175.8 �4.7 65.1
þ4% CNaþ 175.8 �3.7 64.6
þ6% CNaþ 176.3 �3.5 63.6
þ10% CNaþ 176.2 0.5 63.0
þ2% C15A 175.2 �3.6 62.6
þ4% C15A 175.7 �2.3 65.9
þ6% C15A 175.9 �1.7 62.1
þ10% C15A 175.9 1.1 64.3
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of crystallinity (Xc) of PHB with the addition of
clay. The incorporation of the clay had no signifi-
cant effect on the melting temperatures of the PHB
nanocomposites. Likely, the clay are predominantly
confined to the amorphous phase, without signifi-
cantly affecting the development of crystals in the
polymer matrix. Nevertheless, the glass transition
temperature of the nanocomposites was slightly
increased with the addition of the MMTs and it
seems to be influenced by the clay dispersion in the
polymer. It was observed that the higher was the
clay interlayer space, the higher Tg was obtained,
comparing the composites PHB/C15A with those
PHB/CNaþ. It could be due to the hindrance of
segmental motion of the PHB molecular chains by
the clay platelets.

The micrographs of the crystalline composites,
obtained by POM, revealed that the crystallization
morphology was similar between the materials con-
taining CNaþ and C15A [Figs. 5(a) and 6(a)]. To
study the crystalline structure of nanocomposites,
the sample containing CNaþ was melted and the
micrograph obtained is shown in Figure 5(b). Bire-
fringence was observed indicating that some crys-
tals, showing an agglomerated arrangement, are still
present in the melted sample. They might come
from the clay. To confirm this result, a micrograph
of an aqueous dispersion of CNaþ was obtained
[Fig. 5(c)] and the clay birefringence was clearly

observed too. Similarly, a chloroform dispersion of
C15A has also birefringence, as it is showed in Fig-
ure 6(c). However, the clay was not observed in the
melted C15A nanocomposites [Fig. 6(b)]. These
results would indicate that the clay C15A was better
dispersed in the PHB with a higher interlayer dis-
tance than CNaþ.
The mechanical properties of the nanocomposite

films were investigated to characterize the reinforc-
ing effect of the different MMTs and the results are
listed in Table III. It was reported that the addition
of clay can increase strength as well as modulus,
however, the opposite may also occur.24 It was dem-
onstrated that the addition of C15A only slightly
increases the Young’s modulus values of the pristine
PHB. However, a decrease in the tensile strength of
the PHB was also observed in the nanocomposite
films. The higher the value of the PHB/C15A modu-
lus, the better the particle intercalation. The collapse
of mechanical properties of the nanocomposites con-
taining CNaþ was attributed to the clay aggregation.
A similar behavior was observed for other polymeric
systems, including PHA, by several authors.25,26

Isothermal crystallization kinetic analysis by
spherulitic growth rate (G) was performed by POM,
to determine the changes in the crystallization of
PHB due to the clay addition. Figure 7 shows optical
microscope images (crossed polarizes) corresponding
to time evolution of formation of spherulites of PHB,

Figure 5 Micrograph obtained by POM (a) PHB/4%CNaþ, (b) melted PHB/4%CNaþ, and (c) suspension of clay CNaþ.

Figure 6 Micrograph obtained by POM (a) PHB/C15A, (b) melted PHB/4%C15A, and (c) suspension of clay C15A.
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PHB/4%CNaþ and PHB/4%C15A at 90�C. The
micrographs revealed that the crystallization mor-
phology was similar among the materials.

The spherulities diameter measured from POM
data was plotted versus time (Fig. 8). The slope of
that curve was used to calculate the radial growth
(G) of PHB spherulities. Thereafter, it was observed
that the velocity of crystallization of PHB was
enhanced by the presence of the clay, mainly for the
C15A, by plotting G versus Tc (Fig. 9).

The radial growth rate of spherulites could be
described by the Turnbull and Fisher27,28 equation:

G ¼ Go � exp �E

R:T

8
>:

9
>; � exp �DF

R:T

8
>:

9
>; (2)

where the first exponential corresponds to the mo-
lecular diffusion describing the transport which
takes place when molecular segments are added to
the crystal. The second exponential describes the
process of nucleation. Both terms show an opposite
behavior and that is why the curve presents a maxi-
mum. From the equation of Turnbull is obtained the
Lauitzen and Hoffmann equation as follow:

G ¼ Go � exp �U

R T � T
oo

ð Þ
8
>>:

9
>>; � exp �KG

fTDT

8
>>:

9
>>; (3)

TABLE III
Mechanical Properties for the PHB and Nanocomposites

Material E (GPa) rb (MPa) eb (%)

PHB 4.13 6 0.15 32.9 6 2.2 0.91 6 0.12
PHB þ 4% CNaþ 3.09 6 0.16 24.1 6 1.5 0.93 6 0.05
PHB þ 4% C15A 4.25 6 0.27 28.6 6 4.1 0.74 6 0.14

Figure 7 Micrograph obtained by POM. Temperature of crystallization ¼ 90�C. 100X to: (a) PHB, (b) PHB/4%CNaþ, and
(c) PHB/4%C15A.
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where Go is a constant which is temperature inde-
pendent, U is the activation energy for the transport
of the crystallizable segments, T1 is an hypothetical
temperature to which the molecular motion associ-
ated with the viscous flow stops and it is related to
Tg by T1 ¼ Tg - C where C is a constant; DT: is the
degree of supercooling, given by Tm � Tc; Tm is the
equilibrium melting point; f is a factor which repre-
sents the variation of the enthalpy in the bulk per

Figure 8 Time evolution of the diameter of spherulites
of: (a) PHB, (b) PHB/4%CNaþ, and (c) PHB/4%C15A for
isothermal crystallization at the indicated temperatures.

Figure 9 Radial growth rate (G) as a function of crystalli-
zation temperature for PHB, PHB/4%CNaþ, and PHB/
4%C15A.

Figure 10 Plots of Ln(G) þ U/[R.(T � T1)] versus 1/
(f.T.DT) for PHB and their nanocomposites.

Figure 11 DSC thermogram of PHB and their nanocom-
posites with 4% of clay at 5�C/min cooling rate.
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unit volume with the temperature, given by
f ¼ 2T

TmþT; KG is the nucleation constant.29

Then, applying ln in both members of the eq. (3),
the following linearized expression is obtained:

lnðGÞ þ U

R T � Tooð Þ ¼ lnðGoÞ � KG

fTDT
(4)

According to this equation, a straight line from the
plot of lnG þ U/R(T � T1) versus 1/fTDT should be
obtained. However, as it is necessary to know the
value of U and T1, the universal value found by
Suzuki-Kovacs: U ¼ 1500 cal mol�1, C ¼ 30 K, was
used to do the adjustment of the experimental data.
A very good fit to the experimental data was
obtained (Fig. 10) and the KG values were calculated
from the slopes. The nucleation constant values are
lesser in the nanocomposites (PHB þ 4% CNaþ: 2.04
� 105 k2; PHB þ 4% C15A: 2.12 � 105 k2) than in the
PHB (2.25 � 105 k2). These results showed that clays
do not accelerate the formation of PHB spherulites
nucleus.

The variation in the parameters from nonisother-
mal crystallization curves, from the melted samples
indicates differences in the crystallization behavior,
comparing the polymer and their nanocomposites.7

Figure 11 compares the heat flow development dur-
ing cooling at 5�C/min for PHB and PHB/clay
nanocomposites. The crystallization parameters
obtained from the DSC curves (Table IV) are the
onset crystallization temperature (Ti), end crystalliza-
tion temperature (Tf), peak temperature of the crys-
tallization exotherm (Tp), the crystallization time tc ¼
Ti � Tf/v, where v is the velocity of the scan, and
the width at half-height of the exotherm peak (DW).
The peak width at half-height, DW, is a measure of
the crystallite size distribution. No appreciable dif-
ferences in the parameters obtained from the noniso-
thermal crystallization peak were observed. These
data confirms that the clays affect a little the nucleat-
ing behavior of PHB, in accordance with the POM
results.

It was observed that the maximum in the degrada-
tion temperature with the percentage of clay is in ac-
cordance with the maximum in the percentage of
crystallinity. Then, the crystallinity is another factor,
which affects the thermal degradation behavior.

CONCLUSIONS

A series of nanocomposites of PHB with nonmodi-
fied (CNaþ) and organically modified (C15A) MMTs
were prepared by casting, from a homogeneous dis-
persion of clay and PHB.
The nanocomposites studied showed a different

thermal degradation behavior. The addition of
CloisiteV

R

15A enhanced the thermal resistance of
PHB while the addition of CloisiteV

R

Naþ decreased
it. It could be explained due to the presence of two
opposite effects: the physical barrier, chain mobility,
and the catalytic activity of the clay.
The more hydrophobic clay (C15A) was the best

dispersed in the PHB in spite of the expansion of
the CNaþ layers. It could be due to the higher initial
interlayer gallery of the C15A as well as the better
compatibility between the clay and the polymer.
The clay produced a slight diminution in the per-

centage of PHB crystallinity, but the overall mor-
phology did not change. However, it was observed
that the addition of clay enhanced the crystallization
rate of PHB, but it would not act as a nucleating
agent.
The slightly increment in the Young’s modulus of

the nanocomposite containing C15A was related to
the better dispersion of the clay in the polymer
matrix.
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