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ABSTRACT: Different proportions of starch were blended
with  poly(B-hydroxybutyrate)-co-poly(B-hydroxyvalerate)
(PHB-V) or poly(e-caprolactone) (PCL) by extrusion, and the
mechanical (maximum tensile strength, elongation at break
and Young’s modulus) and thermal properties (by differen-
tial scanning calorimetry) were determined. The biodegrad-
ability of the blends in soil compost was also assessed after
thermal aging for 192, 425, and 600 h at different tempera-
tures. The maximum tensile strength of the PCL50 blend
(containing 50% starch) was 35% lower than that of PCL and

that of the PHB-V50 blend was 60% lower than that of
PHB-V without thermal aging. PHB-V blends were more
biodegradable than PCL blends. For the blends prepared,
only the biodegradation of PHB-V25 was affected by ther-
mal aging. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 89:
3539-3546, 2003
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INTRODUCTION

Waste disposal is an increasing problem as available
landfill areas diminish. Plastics currently account for
about 7% by weight (18% by volume) of municipal solid
waste, with half of this plastic waste derived from plas-
tics used in packaging.' Growing environmental concern
has created an urgent need to develop new biodegrad-
able materials that have properties comparable with con-
ventional polymeric materials such as polyethylene and
polypropylene. The availability of biodegradable poly-
mers is very important for reducing plastic waste.

A great number of biodegradable polymers are de-
rived from synthetic and natural sources,” * but most
of them are relatively expensive. The high cost of
biodegradable polymers has limited their wide-scale
adoption by industries. In addition, the use of any new
material by the manufacturing industry requires that
its behavior be well characterized under various con-
ditions of processing, manufacturing, and usage.’

Polymeric blends that consist of a mixture of two or
more polymers or copolymers that are not covalently
linked® are a good alternative for reducing the final

Correspondence to: D. S. Rosa (derval@saofrancisco.edu.br).

Contract grant sponsor: FAPESP; contract grant number:
99/10716-4.

Contract grant sponsor: Universidade Sdo Francisco.

Contract grant sponsor: CNPgq; contract grant number:
303500/2002-6.

Journal of Applied Polymer Science, Vol. 89, 3539-3546 (2003)
© 2003 Wiley Periodicals, Inc.

cost of a product. Various blends of conventional and
biodegradable plastics have been used.”® Natural ad-
ditives such as starch, cellulose, lignin, and other poly-
saccharides have been used in these formulations.”*®

The use of starch lowers the cost of the finished
product and adds some desirable biodegradable char-
acteristics to thermoplastic polymers. Starch and
starch derivatives in both granular and nonstructural
forms have been blended with various plastics, in-
cluding polyethylene, poly(vinyl alcohol), poly(vinyl
chloride), poly(ethylene-co-acrylic acid), and poly(eth-
ylene-co-vinyl alcohol),'*** as well as with biodegrad-
able plastics such as poly(B-hydroxybutyrate)-co-
poly(B-hydroxyvalerate) (PHB-V) and poly(e-capro-
lactone) (PCL).'#71¢ Previous studies have shown that
PCL/starch blends are readily biodegradable.*'>'7!8

In addition to reducing the cost of biodegradable poly-
mers, new alternatives and interventions in treating
postconsumer polymers, including thermal aging, may
help to reduce the time needed for biodegradation.

In this work PCL and PHB-V, two commercially
available biodegradable polymers, were used to pre-
pare blends of these polymers with different amounts
of starch. The effect of thermal aging on the biodeg-
radation and mechanical properties of these mixed
polymers was then investigated.

EXPERIMENTAL
Materials

Poly(B-hydroxybutyrate)-co-poly(B-hydroxyvalerate):
PHB-V was supplied by Copersucar (Cooperativa de
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TABLE 1
Composition of Starch/Biodegradable Polymer Blends
Used in the Experiments

Starch content Polymer content

Blend designation (% w/w) (% w/w)
PCL 0 100
PCL25 25 75
PCL50 50 50
PHB-V 0 100
PHB-V25 25 75
PHB-V50 50 50

Produtores de Cana, Actcar e Alcool do Estado de Sao
Paulo, Sao Paulo, SP, Brazil) in powder form. The
polymer had a weight-average molecular weight of
150,000 g/mol and contained 5.5% (w/w) valerate,
0.09% nitrogen, and 0.27% ash.

Poly(e-caprolactone): PCL was supplied in pellet
form by Union Chemical Carbide Ltd. (P-767) (Cu-
batdo, SP, Brazil) and had a melting index of 1.9 = 0.3
(ASTM Standard D 1238), a density of 1.14 g/ cm?®, and
a weight-average molecular weight of 80,000 g/mol.

Corn starch type Amidex 3001: The corn starch, was
supplied by Corn Products Brazil-Ingredientes Indus-
triais Ltda. (Sao Paulo, SP, Brazil) and contained 27%
(w/w) amylose and 73% of amylopectin, with a
weight-average molecular weight of 486,000 g/mol.

Compound blending

Blends containing 0%, 25%, and 50% (w/w) of starch
were prepared using Coperion & Werner Pfleiderer
(Stuttgart, Germany) twin-screw extruders. The blend
compositions used in this work are shown in Table I,
and the processing conditions are summarized in Ta-

ble II.

Film preparation
Injection molding

The films for tensile tests were injection-molded ac-
cording to ASTM Standard D 638 using a PIC Model
62 (Plastic Injection Command, Chappaqua, NY) in-
jection.
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Molding compression

The films were prepared by molding compression
using mold temperatures of 205°C for PHB-V and its
blends and 95°C for PCL and its blends. The materials
were placed in the molds and kept under the appro-
priate conditions for 3 min. After this, they were trans-
ferred to a hydraulic press and submitted to 5 MPa for
2 min. Once removed from the press, the molds were
cooled to room temperature. Circular films 37 mm in
diameter and 1 mm thick were obtained for each
polymer.

Thermal aging

After preparation the films were weighed, placed on
aluminum supports, and hung in an oven for thermal
aging. The aging temperatures were established based
on the melting temperature of the polymers. Two
temperatures were chosen for each polymer: 100°C
and 140°C for PHB-V and its blends and 30°C and
50°C for PCL and its blends. The exposure times were
192, 425, and 600 h for all polymers and their respec-
tive mixtures at each temperature. Each film was
weighed again after thermal aging.

Soil compost

The soil compost contained 23% loamy silt, 23% or-
ganic matter (cow manure), 23% sand, and 31% dis-
tilled water (all w/w). Calcium hydroxide [Ca(OH),]
was added to give the soil compost a pH of 11.

Mechanical properties

Tensile strength at break, Young’s modulus, and elon-
gation at break were measured using a universal test-
ing machine (model DL-2000 NS 5921, EMIC Equipa-
mentos e Sistemas de Ensaio Ltda., Sdo José dos
Pinhais, PR, Brazil). The control program was Mtest
LBP version 3.00, and the load cell had a capacity of
200 kgf. The samples were initially 50 mm in length,
the crosshead speed was 50 mm/min, and relative
humidity was 50%. Five films for each polymer and
blend composition were tested according to ASTM

TABLE 1I
Processing Conditions Used During Blending
Parameter PCL PCL25 PCL50 PHB-V PHB-V25 PHB-V50

Barrel temperature (°C)

Zone 1 70 81 100 125 130 130

Zone 2 69 85 100 127 130 130

Zone 3 61 81 95 120 128 128
Screw speed (rpm) 120 120 120 250 250 250
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TABLE III
Mechanical Properties of Starch/Biodegradable Polymer Blends Before and After 600 h of Thermal Aging

Tensile strength at break (MPa)

Elongation at break (%)

Modulus of elasticity (MPa)

Before thermal After thermal

Before thermal

After thermal Before After thermal

Formulation aging aging aging aging thermal aging aging
PCL 16.9 = 0.5 192 +0.7 393.0 £19.1 330.0 £ 18.0 4329 £20.8 417.0 £ 213
PCL25 145+ 0.2 16.3 + 0.5 3029 *27.4 276.0 +12.2 306.0 = 15.9 278.3 + 18.0
PCL50 11.0 = 0.7 134 +0.3 35+0.1 33*02 520.9 + 22.5 470.0 + 20.1
PHB-V 342 +10 378 £09 26*09 39*06 3940.6 = 105.1 37034 =774
PHB-V25 18.9 £ 0.5 162 = 0.7 3304 35*05 1191.8 = 27.1 1024.3 = 17.8
PHB-V50 13.8 = 0.5 132+ 0.8 36*02 39*06 924.8 + 30.5 809.0 + 22.0

Standard D 638. Stress—strain measurements of the
films were obtained before and after thermal aging.

Thermal analysis

Thermal analysis was done with a differential scan-
ning calorimeter (model DSC 204 TASC 414/3A,
Netzsch-Gerdtebau GmbH, Bavaria, Germany) under
a nitrogen atmosphere at a heating rate of 10°C/min.
Two heating cycles were used for each film. PHB-V
films and their blends were first heated from room
temperature to 180°C to eliminate their thermal his-
tory and then cooled to room temperature and imme-
diately reheated to 195°C. For PCL the temperatures
used were 80°C and 100°C, respectively. The second
scan was obtained at the same heating rate.

All DSC experiments were done in duplicate, and
the thermograms shown in the results section refer to
the second heating. The crystallinity values were ob-
tained by using the following reference melting en-
thalpies for 100% crystalline materials: for PCL,
AHy per. = 136.1 J/g'%; for PHB-V, the value of PHB,
AH =146.0]/g."’

0 PHB-V

Measurement of biodegradability

PHB-V and PCL films and their blends that had or had
not been thermally aged were weighed and buried, in
triplicate, in soil compost. Biodegradability was as-

TABLE IV
Melting Temperatures and Crystallinity of Pure
Polymers and Polymer Blends Before
and After Thermal Aging

Melting temperature

Crystallinity (%) (°C)
Aging Aging
Formulation Pellets Film test Pellets Film test

PCL 36.9 34.8 39.1 56.1 56.6 58.8
PCL25 27.6 26.0 32.0 59.1 58.8 59.0
PCL50 19.2 21.8 21.9 57.0 56.7 57.8
PHB-V 44.8 445 41.1 167.1 1662 148.6
PHB-V25 35.1 45.7 42.8 168.7 166.2 144.5
PHB-V50 26.7 24.1 16.5 1694 167.8 166.7

sessed every 30 days for approximately 10 months by
measuring weight loss. The buried samples were re-
trieved, washed with distilled water, and dried in the
open air before being weighed. The films were buried
again in their respective trays after weighing.

RESULTS AND DISCUSSION
Mechanical properties

The mechanical properties of the formulations and
pure polymers before and after thermal aging for
600 h are shown in Table III. The temperature of aging
was close to 20% below the melting temperature, to
accelerate the aging. According to a previous study,*
an aging duration of 600 h resulted in a change in the
biodegradation behavior of the materials exposed to
UV irradiation for this time. The mechanical proper-
ties were measured only in samples thermally aged
for 600 h because this was the most severe condition
for aging.

The incorporation of starch generally reduced the
maximum tensile strength (by 14% for PCL25 and by
45% for PHB-V25). For blends with 50% starch, the
reduction was 35% for PCL50 and 60% for PHB-V50
when compared to the values for pure materials (PCL

85 -

Mass retention (%)

80 -

0 33 62 98 125 156 176 210 245 280
Aging time (days)

Figure 1 Biodegradation in soil compost of PCL aged ther-
mally at 30°C.
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Figure 2 Biodegradation in soil compost of PCL25 aged
thermally at 30°C.

and PHB-V), suggesting incompatibility between the
PCL or PHB-V and the starch.?!

A possible explanation for the decrease in that me-
chanical property could be the poor miscibility of
starch with the polymers studied. This may reflect that
the starch used had a large chain size (average molar
mass 486,000 g/mol) and a branched structure con-
taining benzene rings (73% of the weight in amylopec-
tin). The inclusion of starch may have reduced the
interactions between the chains of polymers and ad-
versely affected the mechanical properties of the
blend. A similar behavior was observed for the
Young’s modulus of elasticity, in which there was a
reduction in the elongation at break for blends of PCL
(except for PCL50). Thus, a 25% decrease in elongation
at break was observed with the incorporation of 25%
starch in PCL, whereas an abrupt decrease (99%) in
this property occurred in the PCL50 formulation, fur-
ther emphasizing the poor miscibility of the starch and
polymer in the latter composition. In contrast, the

105 -
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Figure 3 Biodegradation in soil compost of PCL50 aged
thermally at 30°C.
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Figure 4 Biodegradation in soil compost of PCL aged ther-
mally at 50°C.

incorporation of starch into the PHB-V blends had
little effect on the elongation at break (Table III).

The maximum temperature used in the thermal ag-
ing was 50°C for PCL and its blends and 140°C for
PHB-V and its blends because these temperatures
were approximately 20°C below the melting temper-
atures of the polymers.

Thermal aging increased the maximum tensile
strength of all formulations, except for PHB-V25 and
PHB-V50, when compared to the polymers without
aging (Table III). In contrast, there was a small reduc-
tion in the Young’s modulus of all samples and in the
elongation at break of PCL and its blends; for PHB-V
and its blends there was no effect in elongation at
break. For PCL the thermal aging probably caused a
small break in the chemical structure, producing small
fragments that made the material become more crys-
talline (Table IV) and consequently reflected an in-
crease in the maximum tensile strength, a reduction in
the elongation at break (Table III), and difficulties in
PCL biodegradation, as discussed in the next section.
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Figure 5 Biodegradation in soil compost of PCL25 aged
thermally at 50°C.
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Figure 6 Biodegradation in soil compost of PCL50 aged
thermally at 50°C.

Analysis of thermal aging and biodegradability

The biodegradability values of the thermally aged
samples compared to the nonaged samples are shown
in Figures 1-12. A pH of 11 was chosen for the soil
compost because in a previous study with three dif-
ferent pH values (7, 9, and 11), the pH of 11 provided
a better condition for biodegradation for PCL and
PHB.*® An alkaline pH increased the biodegradation
rate of PHB and PCL, with the former showing the
greatest weight loss. In this condition the polymers
were more suitable to hydrolysis, producing RCOOH
groups, which also were able to accelerate ester hy-
drolysis through autocatalysis *.

The samples of PHB-V degraded more than those of
PCL because after about 62 days of aging in soil com-
post, the first polymer had biodegraded almost 100%
(Figs. 3—4). This greater susceptibility reflected the
chemical structure of PHB-V, which, in addition to
having ester groups, is highly branched and conse-
quently contains a large quantity of tertiary carbons

e 92 - 425_4--6()0-—-—c0ntm1‘

Mass retention (%)

Aging time (days)

Figure 7 Biodegradation in soil compost of PHB-V aged
thermally at 100°C.
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Figure 8 Biodegradation in soil compost of PHB-V25 aged
thermally at 100°C.

that facilitate the hydrolysis and cleavage of the
films.*

The addition of starch to PCL slightly increased the
loss of mass during biodegradation. Thus, after 280
days of aging, the PCL samples containing starch, that
is, the PCL25 and PCL50 formulations, lost 11.6% and
15.6%, respectively, of their mass compared to 6.6%
for pure PCL (Figs. 2, 3, 5, and 6). This increase in
biodegradation perhaps reflected the reduced crystal-
linity in the blends of PCL (Table IV). The inclusion of
starch added branched polymeric chains (amylopec-
tin) to the blend mixture, decreased the organization
of the chains, and reduced the crystalline regions. For
PHB-V the addition of 50% starch made the blend
more susceptible to biodegradation, with PHB-V50
totally degraded in only 33 days (Figs. 9 and 12). This
represented a reduction of approximately 50% in the
time to degrade when compared to samples of PHB-V
without starch (Figs. 7 and 10). Thus, the incorpora-
tion of starch reduced the crystallinity of the polymers
and increased the amorphous phase of the blends,

| = 1928425~ 600 —o— oot

Mass retention (%)

0 31 62
Aging time (days)

Figure 9 Biodegradation in soil compost of PHB-V50 aged
thermally at 100°C.
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Figure 10 Biodegradation in soil compost of PHB-V aged
thermally at 140°C.

making them more susceptible to biodegradation (Ta-
ble 1V).

Because the biodegradation of PHB-V was very fast,
it was not possible to assess the effect of thermal aging
on mass loss during the biodegradability test. An ex-
ception was the PHB-V25 blend, which, after thermal
aging at 140°C, had the same level of biodegradation
as the PHB-V50 blend (Figs. 11 and 12).

Although thermal aging had little or no apparent
effect on PHB-V, PHB-V25, and PHB-V50, DSC
showed a decrease in the crystalline melting temper-
ature of these materials (Figs. 13-15). The DSC results
suggested that thermal aging caused thermooxidation
with consequent bond rupture in the polymeric chains
to produce low-molecular-weight fragments.”® Evi-
dence of this can be seen in the formation of a shoul-
der at lower temperatures in the thermal curves of
DSC.

The thermooxidation of PHB-V produced lower ste-
reoregular structures, which made organization of the
chains more difficult. This in turn reduced the crystal-
linity and made the blend more susceptible to biodeg-

Po- 192 -~ #--425 — 4= 600 —O—mntrol\

Mass retention (%)

0 31 62
Aging time (days)

Figure 11 Biodegradation in soil compost of PHB-V25 aged
thermally at 140°C.

ROSA ET AL.

|-+~ 192 -~ ®--425 —a - 600 —s— control

Mass retention (%)

0 31 62

Aging time (days)

Figure 12 Biodegradation in soil compost of PHB-V50 aged
thermally at 140°C.

radation. This effect was not seen in PCL because
thermal aging did not cause significant thermal deg-
radation in this material. In agreement with this were
the results for the melting temperatures of PCL and its
blends, which were practically unchanged (Table IV
and Figs. 16-18). Thermal aging increased the crystal-
linity of these formulations, perhaps through an an-
nealing effect. The unaltered melting temperatures
meant there was no scission of the polymeric chains
and hence little hydrolysis and biodegradation.

For the samples PCL25 and PCL50, thermal aging
slightly increased the loss of mass, to nearly 6.6% for
samples aged at 30°C and 8.8% for those aged at 50°C.
The duration of aging had no effect on mass loss. The
small increase in biodegradation in soil compost prob-
ably reflected the small variation in the thermal prop-
erties of PCL25 and PCL50 shown in Figures 17 and
18, respectively.

CONCLUSIONS

The addition of starch to pure polymers generally
reduced the maximum tensile strength of the prod-

—— PHB-V pellets
--- PHB-V film

PHB-V aged film (600 bh; 140 °C)

Heat flux

—T - r 1 1 7 1 > 1T T 1T T
0 20 40 60 80 100 120 140 160 180 200

Temperature (OC)

Figure 13 DSC curves for PHB-V pellets, film, and aged
film.
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PHB-V25 pellets
- PHB-V25 film
- PHB-V25 aged film (600 h; 140 °C)

Heat flux
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Figure 14 DSC curves for PHB-V25 pellets, film, and aged
film.

ucts, suggesting that these materials were immiscible.
This behavior was not observed for the elongation at
break in the PHB-V blends.

PHB-V films were more biodegradable than PCL
films, and the addition of starch increased the biodeg-
radation of PHB-V50 even more. In contrast, a signif-
icant reduction was observed for PCL after the inclu-
sion of starch.

For PHB-V formulations thermal aging affected
only PHB-V25 at 140°C, independent of the duration
of exposure to heat. No significant change in weight
loss was detected in other formulations of this poly-
mer because of the rapid biodegradation of these ma-
terials. Thermal aging for 280 days did not affect the
biodegradability of formulations containing PCL.

PIIB-V50 pellets
PHB-V50 film
PHB-V50 aged film (600 h:140 °C)

L]
=
=
g
=
T 7 T T 7 71 ™7 T 7 LI 1 7T ¥ T 1
0 20 40 B0 80 100 120 140 160 180 200 220
Temperature (°C)
Figure 15 DSC curves for PHB-V50 pellets, film, and aged

film.
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Figure 16 DSC curves for PCL pellets, film, and aged film.
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PCL25 aged film (600 h; 50 °C)
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Figure 17 DSC curves for PCL25 pellets, film, and aged film.
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Figure 18 DSC curves for PCL50 pellets, film, and aged film.
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Copersucar, Corn Products Brazil-Ingredientes Industriais,
Ltda., and Union Chemical Carbide, Ltd., kindly supplied
some of the materials.
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