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Properties of Melt-processed Poly(hydroxybutyrate-co-
hydroxyvalerate)/starch 1:1 Blend Nanocomposites

Natalia F. Magalhaes, Cristina T. Andrade

Instituto de Macromoléculas Professora Eloisa Mano, UFRJ

Abstract: Melt blending of 1:1 poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and glycerol-plasticized starch
(TPS) was performed in the presence of an organically-modified montmorillonite, incorporated at 2.5, 5, 7.5 and
10 wt% amounts. Scanning electron micrographs (SEM) revealed the role of the organoclay as a compatibilizing
agent for the immiscible blend. The blends were also characterized by X-ray diffraction (XRD), tensile tests, humidity
absorption and soil burial biodegradation tests. The results indicated improved properties of the hybrid materials in
relation to TPS alone, with a faster biodegradation rate than PHBV.

Keywords: Biodegradable blend, thermoplastic starch, PHBV, modified montmorillonite.

Introduction

Two main reasons have been addressed to justify
the development of new environmentally-friendly
technologies and products. The disposal of synthetic
plastic waste has become a challenge for governments
and a health threat to consumers. Also, the uncertain
increasing prices associated with the depletion of
fossil sources have contributed to attract the attention
of researchers and industries to biobased products!'l.
However, nowadays bioplastics share a market of less
than 0.4 wt% of world plastics consumption, frequently
related to cost and technical performance issues!?.

Polyhydroxyalcanoates (PHA) consist of a group of
biocompatible and biodegradable aliphatic polyesters,
synthesized from renewable resources by bacteria, such
as Ralstonia eutropha and Azobacter chroococcum,
where they are deposited as insoluble inclusions in the
citoplasm. An excess of a carbon source and limiting
concentrations of essential nutrients are required for
their production. Poly(3-hydroxybutyrate) (PHB)
and the copolymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) are produced commercially,
but their high melting point (>170°), high crystallinity
and brittleness, and a narrow processing window, hinder
their practical application®>. Improved properties have
been achieved for PHA copolymers of 3-hydroxybutyrate
and other medium-chain length 3-hydroxyalcanoate
comonomers. An increase in toughness, flexibility
and processability, and a reduction in crystallinity
and brittleness were observed for copolymers with a
relatively small amount of those comonomers'®. To
improve the properties of PHAs, composites™!*! and
polymer blends!'*33 were also studied.

For composites, an increase of 175% in the tensile
modulus and of 9 °C in the heat deflection temperature
in relation to the neat polymer was achieved for PHBV
loaded with bamboo fiber at 40% content”.. Cellulose
nanowhiskers (CNW) with 50 nm to 500 nm in length,
homogenenuously dispersed in a PHBV matrix, were

shown to be effective nucleating and reinforcing agents.
At 5 wt% composition, CNW contributed to increases of
77% in Young’s modulus and 41% in storage modulus!'®..
An organically-modified montmorillonite was also
shown to act as nucleating agent for PHB®! in the same
way as silica nanospheres and nanofibers for PHBV with
7.2 mol% of hydroxyhexanoate units®. The addition of
clay mineral nanoparticles favored the biodegradation
rate of both polymers®!3. However, in the case of
silica nanocomposites, the observed improvement in
mechanical properties was reported not to be due to
changes in crystallinity or spherulitic morphology'™’.

Many works have been published on PHAs blends,
especially with other biodegradable polymers. In general,
the polymer pair is immiscible, and compatibilization
constitutes the primary difficulty to be overcome. In
particular, some efforts have been made to produce
melt-processed PHBV/thermoplastic starch with the
aim of decreasing cost and improve the biodegradation
rate. In fact, the incorporation of 30 wt% of cassava
starch to a 70:30 PHBV/poly(butylene adipate-co-
terephthalate) blend led to a higher biodegradation rate
without significant changes in mechanical properties*.
For the 80:20 blend of PHBV with 5 mol% of
hydroxyvalerate and high-amylose starch, improvement
of compatibilization was achieved during processing
with an organic peroxyde®*.

Recently, some results were published concerning the
role of clay minerals nanoparticules as compatibilizing
and reinforcing agents for some immiscible synthetic
polymer blends, when located at the interface or within
the continuous phase*3¥. Considering the favorable
interactions between starch and montmorillonites**!,
the objective of this work was to investigate the
properties of 1:1 PHBV and regular cornstarch blend
nanocomposites, prepared by melt-extrusion in the
presence of increasing contents of an organically-
modified montmorillonite.
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Experimental

Materials

PHBV with 3.4 mol% hydroxyvalerate units was
provided by PHB Industrial (Serrana, SP, Brazil).
Regular cornstarch was supplied by Corn Products
Brazil (Sao Paulo, SP, Brazil). Analytical grade glycerol
was supplied by Vetec Quimica Fina (Rio de Janeiro,
RJ, Brazil). Cloisite® 30B (C30B), a montmorillonite
modified with dihydroxyethyl alkyl methylammonium
ions, was supplied by Southern Clay Products (Gonzales,
TX, USA).

Methods

Blends preparation

Starch and 25 wt% glycerol were previously mixed
in a conventional blender and kept in plastic bags at 4 °C
for 2 days. The same blender was used to homogenize 1:1
PHBV/starch and PHBV/starch/C30B mixtures. C30B
was added at 2.5, 5.0, 7.5 and 10 wt% compositions,
based on the total weight of the polymer components.
The processings were carried out in a Coperion ZSK
18 (Werner & Pfleiderer GmbH & Co. KG, Stuttgart,
Germany) co-rotating twin-screw extruder, with L/D
ratio of 40, using a temperature profile of 150, 150, 155,
155, 155, 150, 150 °C, and a screw speed set at 200 rpm.
The resulting materials were compression-molded by
heating at 170 °C under 68.9 x 10° N/m? for 6 minutes,
and cooling for 5 minutes in a cold press.

Characterization of materials

The morphology of the samples was examined
with a Jeol electron microscope, model JSM-5610LV
(Akishima-shi, Japan) at the acceleration voltage of 5 kV.
Samples were cryogenically fractured, and vacuum-
coated with gold before measurements.

X-ray diffraction (XRD) patterns were obtained at
room temperature with a Miniflex diffractometer within
the 2-35° (20) angular region, and with a Ultima IV
diffractometer within the 0.6-10° (20) angular region, both
equipments from Rigaku Corporation (Osaka, Japan).
The CuKo radiation (wavelength of 1.542 A), was
generated at 30 kV and 15 mA, and at 40 kV and 20 mA,
respectively. In the first case, the samples were scanned at
a rate of 1°/min, and in the second case at a 0.01°/s rate.

Extruded and compression-molded films, with
dimensions of 25 mm X 25 mm x 1.70 mm, were dried in
an oven at 70 °C for 72 hours. After weighing, the samples
in triplicate were conditioned in a climatic chamber
(M.S. Mistura, model MS 012, Rio de Janeiro, Brazil), at
25 °C and 55% relative humidity (RH), and periodically
weighed in an analytical balance (with a precision of
0.1 mg). The humidity absorption for the samples was
determined in percentage according to Equation 1.

M,—M,
Humidity absorption (%) = # x 100 1)

o
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where M, is the weight at time t and M_ is the weight of
the dry material.

Tensile tests were performed with a Instron Universal
Testing Machine model 4204 equipped with a 1 kN
load cell, at a speed of 1 mm/min, according to ASTM
D-638-03. The samples were conditioned at the same
conditions of the test (21 °C, 50% relative humidity) for
48 hours before the experiment. The average value from a
total of nine measurements was taken.

Soil burial tests were carried out for the samples under
laboratory conditions (average temperature of 25 °C). The
initial pH of soil was 6.5, and the final pH was 5.8. Samples
were cut into pieces with 25 mm x 25 mm x 1.7 mm
dimensions, weighed, and buried in a plastic container
(10 L) filled with soil enriched with 30 wt% of organic
materials of vegetable origin, previously passed through a
2 mm sieve. Every 15 or 30 days, for a period of 150 days,
five replications of each sample were taken out of the
container, cleaned with a smooth brush, and weighed.
The average weight was considered. Periodically, the
soil moisture content was measured; an average value
of 20 wt% was maintained during the period of the test.
Weight loss of the specimens with time was used to
evaluate degradation.

Results and Discussions

According to the producer, the PHBV with 3.4 mol%
hydroxyvalerate units has a melting point of 172 °C.
However, melt-processing of the formulations, even
PHBYV alone, was possible at temperatures in the range
150-155 °C, due to the high shearing conditions used. No
antioxidant was added and, as expected, some browning
was observed for the resulting extrudates, which were
visually homogeneous and reasonably resistant.

The morphology of the materials fractured surfaces
was visualized by SEM (Figure 1). The smooth surface of
TPS (Figure 1b), which indicates that the native granular
form was destroyed, contrasts with the rough PHBV
morphology (Figure 1la). The processing conditions
led to the complete rupture of the starch granular
structure. The immiscibility between the components of
the 1:1 neat blend is supported by the large size of the
particularly irregular and separate smooth and rough
phases (Figure lc). With the addition of increasing
amounts of C30B, changes may be observed. Not only
the interfacial adhesion between PHBV and starch was
increased, but the size of the particles was significantly
reduced. In Figure 1g, with the addition of 10 wt% C30B,
the material surface presented a uniform morphology. For
other systems, such results have been attributed to the
concentration of nanoparticles at the interface preventing
coalescence by a barrier-type mechanism!®!. On the other
hand, as reported previously, in the case of the addition of
the components all together in the extruder, if one polymer
melts at a temperature significantly lower than the other,
the solid particles tend to be dispersed preferentially into
this phase®. Considering that plasticized starch melts
first, the C30B particles could also be located within the
TPS continuous phase.
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Figure 1. SEM images for fractured surfaces of PHBV (a), TPS (b), PHBV/TPS 1:1 neat blend (c), PHBV/TPS 1:1 blends with the
addition of 2.5 (d), 5.0 (e), 7.5 (f) and 10 (g) wt% C30B.
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The crystallinity of PHBV, TPS, and their 1:1 blends
was investigated within the 2-35° (20) region (Figure 2a).
Similarly to the data reported by other authors!**!, high-
intensity reflections at 13° and 17° (20) were visualized in
the diffractogram for the crystalline PHBV (trace II). For
TPS (trace I), the presence of V -type crystals, related
to processing-induced aggregation of amylose single
helices, was evidenced by the reflection at ~20° (20).
For the blends, although the same PHBV reflections
were observed, their intensity was reduced. Also, the
TPS V-type reflection was shifted to a higher 20 value
and indicated the presence of V,-type starch crystals,
which may be related to the less hydrophilic environment
surrounding these crystals in the blends. It is important
to notice that the decrease in the crystalline fractions of
PHBYV and starch in the blends paralleled the amount of
added C30B. Particularly for the blend prepared with
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Figure 2. (a) X-ray diffractograms for TPS (trace 1), PHBV
(trace IT), TPS/PHBYV neat blend at 70:30 composition (trace III),
for TPS/PHBYV blends at 1:1 composition with the incorporation
of 2.5 wt% C30B (trace 1V), 5 wt% C30B (trace V), 7.5 wt%
C30B (trace VI), 10 wt% C30B (trace VII), and for C30B alone
(trace VIII) in the 20 region of 2° to 35°% (b) in the 26 region
of 0.6° to 10° for C30B alone (O),for TPS/PHBV blends at 1:1
composition with the incorporation of 2.5 wt% C30B ({),5 wt%
C30B (0),7.5 wt% C30B (¥¢) and 10 wt% C30B (A).
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the addition of 10 wt% organoclay, the reduction in
crystallinity was quite significant.

In Figure 2b, using a diffractometer with a higher
resolution at a lower 20 angular region, it was possible
to investigate the degree of dispersion of C30B within
the blends. The 001 reflection for the neat C30B
at 20 = 4.6° (d,,, = 1.9 nm) was also observed in the
hybrids diffractograms, and indicated the presence
of the organoclay tactoids. The low intensity of these
reflections, associated with the absence of other
reflections at a lower 20 angular region suggested a good
dispersion of C30B.

One of the main drawbacks to using starch-based
materials consists of their high hydrophilicity. Water is a
plasticizer for starch; water absorption leads to increasing
mobility and, consequently, to the reduction of their glass
transition temperatures. With increased mobility, starch
molecules tend to reorganize and aggregate themselves.
Accordingly, any improvement in water resistance is
important. Incorporation of the less hydrophilic PHBV
and C30B into the starch matrix was able to reduce the
humidity absorption of the extruded materials as shown
in Figure 3. While TPS reached a pseudo plateau around
80 h after the beginning of the experiment, the maximum
water absorption of PHBV was 0.45% of its dry weight.
The maximum humidity absorption of the 1:1 PHBV/TPS
neat blend was 6.3%, whereas decreasing values of
humidity absorption were observed as the C30B content
was increased. This result corroborates the XRD results
and is in agreement with the property of organoclays as a
barrier against humidity. Moreover, humidity absorption
results seemed to indicate the presence of C30B not only
at the interface, but also as dispersed particles within the
starch matrix.

The mechanical properties of TPS and PHBV differ
significantly. PHBV is a brittle thermoplastic at room
temperature, with Young’s modulus (E), tensile strength
atbreak () and elongation at break (¢ ) values found
in this work of 1271.0 = 3.7 MPa, 35.8 + 0.1 MPa, and
3.5 = 0.1%, respectively. On the other hand, glycerol
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Figure 3. Moisture absorption for PHBV (V), TPS (A), neat
PHBV/TPD 1:1 neat blend (o), PHBV/TPS 1:1 blends with the
addition of 2.5 (¥¢), 5.0 (O), 7.5 () and 10 (x) wt% C30B.
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plasticized TPS (with glycerol at a 25 wt% content) is
a soft material, and presented Young’s modulus, tensile
strength at break and elongation at break values of
88.0 = 4.5 (MPa), 4.1 + 0.2 (MPa), and 35.3 + 2.6%,
respectively. Remarkably deteriorated properties in
relation to PHBV would be expected for their 1:1 blend,
but some improvement would be expected with the
incorporation of the organoclay, mainly in relation to
TPS alone. Indeed, this was observed for the Young’s
modulus and the tensile strength values, as shown in
Figure 4. However, owing to the stiffening effect of the
organoclay, the elongation at break slightly decreased
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Figure 4. Tensile properties for PHBV/TPS/C30B materials;

Young’s modulus (a), tensile strength at break (b) and elongation
at break (c).
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as the organoclay content increased. It is interesting to
notice that the elongation at break value was reduced
even for the 1:1 neat blend, in relation to PHBV alone,
reflecting the rigid nature of this polymer.

As for the materials degradation, two processes
can be involved according to the environment and the
material nature; simple hydrolysis (nonenzymatic)
or/and enzymatic action of extracellular depolymerases
(biodegradation). In the present work, the degradation
of PHBV, TPS, PHBV/TPS 1:1 neat blend and the
hybrids was investigated by soil burial tests. Figure 5
shows the evolution of the materials remaining weight
as a function of incubation time. An increase in weight
was observed during the first two weeks, attributed to
water absorption because it varied with the hydrophilic
nature of the sample. After 150 days, TPS was completed
biodegraded.

Similarly to reported results*4%, the degradation of
PHBV occurred from the surface. As the degradation
proceeded, the films became thinner, but maintained
their integrity up to the end of the 150 days of tests. SEM
micrographs obtained for PHBV after incubation for
150 days (75% degradation) showed the fractured surface
practically intact (Figure 6a), whereas the external surface
was very eroded (Figure 6b). Contrarily, for TPS films,
the presence of microorganisms was observed on both
surfaces (Figure 6¢, d). For the PHBV/TPS/C30B hybrid
materials, the films became thinner and physical integrity
was visualized for only 60 days. After longer incubation
times, erosion was also observed at the borders. The
hybrid materials degraded faster than PHBV. The starch
composition, their higher surface roughness and lower
crystallinity influenced this result. After incubation
for 150 days, the higher the amount of incorporated
organoclay, the faster was the biodegradation in soil,
reaching 76 to 90% as the C30B content was increased
from 2.5 to 10 wt%. Similar SEM images as those shown
for TPS biodegraded specimens were observed for the
hybrids after 150 days of incubation, in which the presence
of cavities and of a consortium of microorganisms was
imaged.
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Figure 5. Weight loss as a function of incubation time for PHBV
(A), TPS (4), PHBV/TPS neat blend (o), and for PHBV/TPS/

C30B materials with the addition of 2.5 (m), 5.0 (O), 7.5 () and
10.0 (x) wt% of C30B.
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Figure 6. SEM images for the biodegraded PHBV and TPS; PHBYV fractured surface (a) and surface (b), TPS fractured surface (c) and

surface (d).

Conclusions

Using a co-rotating twin-screw extruder, the extrusion
of PHBV and its blends was successfully achieved at
temperatures lower than the PHBV melting point. Under
the conditions used, the starch granular structure was
disrupted completely. Addition of increasing contents of
the modified montmorillonite led to the improvement of the
interfacial adhesion between the continuous starch phase
and the PHBYV dispersed phase, and to a finer morphology
for the 1:1 blends. This result strongly suggested the role
of the modified organoclay as a compatibilizing agent for
the immiscible polymer pair, and their presence at the
interface. XRD data obtained for the hybrids revealed the
reduction in crystallinity and a high degree of dispersion
and exfoliation of the organoclay particles. The location
of clay particles also within the TPS continuous phase
was suggested by the improving resistance to humidity
absorption found for the nanocomposites. The reinforcing
effect of the clay platelets and also of the PHBV more rigid
dispersed phase contributed to the improved mechanical
properties of the blend nanocomposites in relation to TPS
alone. Moreover, results from soil burial tests revealed
the faster biodegradation of the blend nanocomposites in
relation to PHBV.
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