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Introduction

Poly(hydroxy alkanoate)(PHA),** starch, poly-
caprolactone(PCL),** and poly(L-lactic acid)
(PLLA)*” are among the well-known degradable
polymers which can be disintegrated by microor-
ganisms. PLLA, in particular, has been used for
biodegradable sutures and for bone fixation
materials,®**® and it is now being used for the less
expensive packaging films and disposable
products thanks to the efforts to simplify the
manufacturing process.""’* There are many
reports on the polymerization of high molecular
weight PLLA,” the blending of PLLA with other
polymers,'*® the copolymerization of L-lactide
with other monomers,’*"” and the manufacturing
of PLLA fibers.’®*

While PLLA is biodegradable and biocompatible,
it approximately takes several weeks to one year
to biodegrade PLLA completely. It has a high
tensile strength, vet it has a low elongation-at-
break, decomposes easily near the processing
temperature and is still expensive. Starch, on the
other hand, is widely used as biodegradable
fillers in many systems because it is cheap and
easily degradable.”® Its processibility, however, is
poor. Also, the mechanical properties of the starch
containing polymers become deteriorated signif-
icantely, when the starch content is higher than
20 wt%.?* Biodegradability of the starch contain-
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ing polymer blends was found to increase with
the increase in the starch content, because the
surface area of the blend that could interact with
the microorganisms also increased, resulting in the
acceleration of the hydrolysis of polyester.”*

In this study PLLA was blended with either the
corn starch or high-amylose comn starch and the
mechanical and thermal properties of each blend
were investigated. The effect of the plasticizer on
the properties was also examined.

Experimental

PLLA was provided by Shimadzu, and the
corn starch(CS, particle size: 20-35 pm) and high-
amylose corn starch(HACS, starch content: 70%,
particle size: 2-15 um) were purchased from
Sigma-Aldrich. PLLA and starch were melt-
blended in a twin-screw Brabender extruder{(GNF-
106/2) at 120 rpm and 190°C. The amount of
starch in each blend was 7, 14, 21, 30, or 40
wt%. When the plasticizer was added to the
PLLA/starch(80/20) blend at a concentration of 5
wt%, the blending temperature was lowered to
165°C. Polycaprolactone(PCL), poly(ethylene
glycol)(PEG), glycerol and lauryl alcohol were
purchased from Sigma-Aldrich and were used as
plasticizer. The tensile specimens -were manu-
factured by compacting the blend in a hot press
to obtain dogbone-shaped films (50x5.1x0.2
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Table L. Characteristics of Polymers

Polymers M, M, T,°C) T,(°C) MI(g/10 min)
PLLA® 190,000 360,000 60.3 172.6

PCL® 28,000 45,000 -55.0 55.0

ps® 150,000 360,000 92.0 - -

PP - - 165.5 0.5 at 230°C
LDPE - - - 105.5 1.5 at 175°C
PEG - 400 - - -

“Mol. wt. by GPC in chloroform.
®Mol. wt. by GPC in THF.

mm thick). The tensile properties were measured
by a tensile tester(Hounsfield 110K-S) at a cross-
head speed of 5 mm/min and impact properties
were obtained by Izod tester(Custom Scientific)
using v-notched specimens. Mechanical properties
of the PLLA/starch blends were compared with
those of some commodity polymers including poly-
propylene(Honam Petrochemical), polystyrene
{Kumho Chemical), low-density polyethylene
{Yukong), and poly(ethylene oxide)(Sigma-Aldrich).
Molecular weights and thermal characteristics of
some of the polymers are shown in Table L.

The T,, T.. and the enthalpy of fusion of the
blends were measured by DSC(Perkin-Elmer,
DSC-7). Morphological features of the fracture

surface of the blends were observed by SEM
(Hitachi, X-650). Moisture resistance was
evaluated by calculating the weight gain. Dry
specimen was immersed in the distilled water at
25°C for the predetermined period of time,
removed from the bath, dried and weighed.

Results and Discussion

PLLA is similar to polystyrene, in terms of the
color, clarity, brittleness, tensile strength and
modulus. However, the mechanical properties of
the oriented PLILA are far superior to those of
the oriented PS,”® because PLLA is a crystalline
polymer and PS is not. The mechanical
properties of the PLLA/starch blends are shown
in Table II, in which the toughness was calculated
from the area under the tensile stress-strain curve.
The tensile strength of the blend was similar to or
slightly less than that of PLLA, and the
elongation-at-break and toughness of the blends
were lower than those of PLLA. On the other
hand, the tensile modulus of PLLA was improved
as a result of the blending with starch. It is
believed that it is due to the difference in the
microstructure between PLLA and the blends. In

Table II. Mechanical Properties of Blends Containing PLLA

Tensile Strength  Elongation at Toughness  Impact Strength

Polymers (MPa) Break (%) ~ Modulus (GPa) (MPa) (Kgf/cm)
PLLA 60.0 31 2.5 0.93 125.6
PLLA/CS 93/7 485 31 25 0.75 130.8
PLLA/CS 84/16 48.7 26 28 0.63 131.8
PLLA/CS 79/21 49.5 25 28 0.62 120.7
PLLA/CS 70/30 46.5 24 32 0.56 110.0
PLLA/CS 60/40 38.5 20 30 0.39 98.0
PLLA/HACS 84/16 615 26 31 0.80 -
PLLA/HACS 79/21 59.0 25 31 0.74 -
PLLA/HACS 70/30 54.0 22 34 0.59 -
PLLA/HACS 60/40 45.4 20 3.2 0.45 -
PLLA/PS 70/30 442 3.7 1.8 0.67 -
PLLA/PS 50/50 378 3.0 1.7 1.13 -
PLLA/LDPE 70/30 6.6 33 - - -
PLLA/LDPE 50/50 6.6 3.8 - - -
PLLA/PEO 70/30 23.3 338.8 - - -
PLLA/PEO 50/50 20.5 290.6 - - -
PLLA/PP 70/30 220 1.7 2.2 - -
PLLA/PP 50/50 175 3.5 1.3 - -

PS 36.0 1.0 3.6 - -

-: Not observe.
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(a) (b)
Figure 1. Scanning electron micrographs of (a) PLLA/
HACS 79/21 and (b) PLLA/CS 79/21 blend films.

fact, the microstructure of the PLLA/starch blend
shown in Figure 1 indicates that PLLA and
starch are immiscible and that starch is dispersed
in the PLLA matrix as the biodegradable filler. At
the same starch content, the tensile strength and
the elongation-at-break of the PLLA/HACS
blend were higher than those of the PLLA/CS
blend. SEM photographs of the fracture surface
in Figure 1 confirm that the particle size of HACS
in the PLLA matrix is smaller than that of CS in
the same matrix. It may be because the size of
the HACS particles were 2-15 wm, while the size
of the CS particles were 20-30 um to begin with.
Lim et al. studied the physical properties of the
starch-filled polyethylene films by varying the
starch granule size from 2 um to 35 pm.* They
used wvarious starches including corn starch,
wheat starch, rice starch, and potato starch. They
found that the LDPE/starch(85/15) blend with
22 um wheat starch showed 32% decrease in the
tensile strength compared to LDPE, while the
blend with 35 um potato starch showed 50%
decrease in the tensile strength. They concluded
that the mechanical properties of the immiscible
LDPE/starch blend were greatly influenced by
the particle size of the dispersed phase indepen-
dent of the starch type.

In Figure 2 the decrease in the tensile strength
of the PLLA/starch and the LDPE/starch blend
with respect to the tensile strength of PLLA or
LDPE is plotted against the starch particle size.
According to Lim et al®® at a constant starch
loading of 15% the percentage decrease in the
tensile strength of the LDPE/starch blend was
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Figure 2. Loss of tensile strength of (a} LDPE/starch, (b)
PLLA/CS and (c) PLLA/HACS blend films. Data for LDPE/
starch blends were from Ref. 26.

nearly proportional to the starch granule size
between 2 um and 35 um (Figure 2{a)). Mean-
while, as shown in Figure 2(b), there was about
18% tensile strength reduction in the PLLA/CS
blend containing starch granules ranging from 20
pm to 35 pm. And for the PLLA/HACS blend
containing starch particles ranging between 2 um
and 15 Mm the stength decrease was negligible
(Figure 2{c)). The decrease in the tensile strength
of the PLLA/starch blend was far less than that
of the LDPE/starch biend probably due to the
limited mechanical compatibility between PLLA
and starch. The PLLA/starch blend containing
30-40% HACS or CS showed similar tensile
strength to that of PS, as shown in Table II. The
properties of various blends of PLLA with PS,
LDPE, PP, PEOQ, etc are also presented in Table II.
The PLLA/PEO blend is considered to have
a limited compatibility, since the elongation-at-
break increased to far greater extent than
the reduction in the tensile strength. It should be
noted that the mechanical properties of the PLLA/
starch blend were superior to that of either the
PLLA/PP or PLLA/LDPE blend, because PLLA
and starch seem to have a limited mechanical

Korea Polym. J., Vol. 6, No. 5, 1998
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Table Ill. Thermal Properties of PLLA/Starch Blends

T,°C) T.(°C) AH(J/g) Crystallinty (%)

slowly slowly slowly slowly

quenched cooled quenched cooled quenched cooled quenched cooled

PLLA (as received) 60.3 61.0 172.6 172.6 22.2 214 235 - 229
PLLA (hot pressed) 59.1 59.8 172.8 172.8 41.2 38.8 44.2 414
PLLA/CS 60/40 56.3 59.2 172.7 172.7 39.3 384 42.0 41.0
PLLA/HACS 70/30 54.5 59.2 1734 173.8 36.7 36.0 39.2 385
PLLA/HACS 60/40 54.1 59.4 1734 173.4 40.0 375 42.7 40.1

compatibility whereas the PLLA/PP and PLLA/
LDPE blends lack such compatibility.

In Table Il the T, T, and the heat of fusion
(AH) of the PLLA/starch blends measured by
DSC are reported. In order to record the thermal
transitions the PLLA/starch blend films were
soanned in two different ways: @ the film was
heated to 200°C at a heating rate of 10°C/min,
quenched to room temperature and then reheat-
ed at a rate of 10°C/min to observe the
transitions; or @ the film was heated to 200°C at
the same rate, cooled to room temperature at a
rate of 10°C/min, and then reheated at 10°C/
min to observe the transitions. The T, and T.. of
the PLLA/starch blends were quite similar to
those of PLLA, independent of the type of starch.
It clearly indicates that both the PLLA/CS and
the PLLA/HACS blends are immiscible, which
supports the SEM observation. The crystallinity
was calculated by using the heat of fusion of the
blend that was determined by DSC and the heat
of fusion of the single crystalline PLLA which
was reported in the literature {93.6 J/g).? In
Table III, the crystallinity of the as received PLLA
in pellet form was lower than that of the hot
pressed PLLA film. The PLLA/starch blend also
showed the heat of fusion and crystallinity higher
than those of as received PLLA. However, the
blend of starch with PCL was reported to show
different behavior.” It may be envisioned that
because the molecular weight of PLLA became
reduced as a result of the degradation under high
shear stress and high temperature during the
blending process in an extruder, the crystalliza-
tion of PLLA proceeded relatively easily during
the cooling process after the extrusion. The
difference in the crystallinity with the different
amount of starch in the blend was not significant,
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indicating that there was no miscibility or mole-
cular interaction between PLLA and CS or HACS.

TGA thermograms of PLLA and the blends are
presented in Figure 3, in which the thermal
decomposition of PLLA began at 310°C and was
completed at 400°C. Starch shows similar ther-
mal decomposition behavior to PLLA. The PLLA/
CS blends started to decompose slowly at 220-
230°C and most of the decomposition occurred
at 280-340°C. The higher the CS content in the
blend, the lower the onset temperature of the
thermal decomposition. Water resistance of the
PLLA/CS blend is plotted in Figure 4. It
took considerable time to reach an equilibrium
moisture concentration. The amount of water
absorbed by pure PLLA after 50 days of water
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Figure 3. TGA thermograms of (a) PLLA, (b} PLLA/CS 79/
21 and (c) PLLA/CS 60/40 blend films.
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Figure 4. Water absorption of {a) PLLA, (b) PLLA/CS 79/
21 and (c) PLLA/CS 60/40 blend films.

immersion was less than 1%. The water absorp-
tion increased significantly as PLLA was blended
with starch. As the starch content in the PLLA/
CS blend increased, the amount of water that
was absorbed increased due to the hydrophilicity
of starch.

The PLLA/starch blend required higher melting
temperature and higher torque during processing,
when compared to the LDPE/starch blend or the
PCL/starch blend. It is very important to lower
the processing temperature of the PLLA blends
as much as possible, because PLLA is prone to
thermal decomposition at high temperature. Thus,
the processibility and the mechanical properties
of the PLLA/starch blend are expected to be

enhanced by the addition of a plasticizer. PCL
and PEG were selected due to their biodeg-
radability, and glycerol and lauryl alcohol were
the usual non-aromatic plasticizers. Table IV
shows that for the PLLA/CS (80/20) blend
containing 5 wt% plasticizer the tensile strength
and modulus decreased and elongation-at-break
increased. Lauryl alcohol, however, generates
bad odor and the mechanical properties of the
blend containing lauryl alcohol were greatly
lowered. The T, and T. of the PLLA/CS/
plasticizer blend film were determined by DSC at
a heating rate of 10°C/min. In Table IV the T,
T. and the heat of fusion of the plasticized
blends decreased significantly as expected.

In conclusion, both of the PLLA/CS blend and
the PLLA/HACS blend were found incompatible
and the starch particles were dispersed as the
biodegradable fillers in the PLLA matrix. The
tensile strength and elongation-at-break of the
two blends decreased with an increase in the
starch content. At the same starch loading the
PLLA/HACS blend showed higher tensile
strength than the PLLA/CS blend. As long as the
starch content was around 30~40%, the tensile
strength and elongation-at-break of the PLLA/
starch blends were similar to those of polystyrene.
Water absorption of the PLLA/CS blends
increased with an increase in the starch content.
When plasticizers were used to lower the
processing temperature, the tensile strength
and modulus decreased, while elongation-at-
break increased.
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Table IV. Tensile and Thermal Properties of PLLA/Starch/Plasticizer Blend Films

Tensile Strength Elongation at Modulus o o
Blend (MPa} Break (%) (GPa) [ Tal'C) AH, (/)
PLLA/starch {80: 20) 48.0 25 2.8 59.0 1721 434
+PCL (5%) 40.0 3.1 2.0 55.7 1711 316
+PEG400 (5%) 30.8 3.0 1.1 494 169.2 393
+Glycerol (5%) 30.3 4.7 0.7 499 168.8 44.7
+Lauryl alcohol (5% 20.5 1.5 1.3 47.0 169.0 451
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