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ABSTRACT: The blend of a gelatinized starch and poly(e-caprolactone) (PCL) was pre-
pared and the effect of starch gelatinization on the mechanical properties of the blend
was studied. The gelatinization of starch resulted in good dispersion of the starch in the
PCL matrix and a higher modulus and strength of the blend. The mechanical properties
of the starch/PCL/poly(ethylene glycol) (PEG) blends were also investigated. From the
change of the toughness of the blends with the PEG molecular weight, it was found that
the blend containing PEG of molecular weight 3400 shows the highest tensile tough-
ness. It was also found from the SEM images that the blend containing PEG of
molecular weight 3400 had the smallest domain size of the starch dispersion phases,
which implies that PEG of the proper molecular weight could effectively stabilize the
interface of the starch/PCL blend. The PEG of the proper molecular weight seems to
locate mainly at the interface between the starch and PCL phases and to interact with
both the starch phase and the PCL phase. The interactions between starch and PEG
and between PCL and PEG in the blend were studied using DSC and FTIR techniques.
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INTRODUCTION

Synthetic polymers, natural polymers, and modi-
fied natural polymers are now widely used as
commodity plastics in such diverse applications
as packaging, personal hygiene products, comput-
ers, houses, and clothing. In spite of all these
enormous benefits for human life, synthetic poly-
mers have an overriding connotation of being
harmful to the environment. Especially, the cur-
rent synthetic polymers that were developed for
their durability and resistance properties are vis-
ible as litter in the environment and they contrib-
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ute to landfill overcapacity. This problem was
acknowledged by the polymer industries and at-
tempts were made to develop environmentally de-
gradable polymers that on disposal and after use
degrade harmlessly and return to their natural
state.

As a result, many kinds of plastics that de-
grade in landfills have been reported. Among
them, there are aliphatic polyesters such as poly-
caprolactone (PCL), poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), and poly(ethylene suc-
cinate), and these materials have been shown to
undergo microbial degradation.’? Starch and its
derivatives, both in granular and destructured
forms, have been blended with various plastics,
including polyethylene, poly(vinyl alcohol), and
poly(ethylene-co-acrylic acid).®>” Also, the ali-
phatic polyesters have been blended with polyeth-
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ylene, the styrene—acrylonitrile copolymer, etc.®
However, they cannot be degraded completely due
to the presence of synthetic plastics which are not
biodegradable in the blend, even though starch or
aliphatic polyesters have biodegradable charac-
teristics.

The blends of starch and aliphatic polyester,
especially PCL, have been considered as com-
pletely biodegradable plastics®~'? because both
components in the blends are biodegradable. PCL
was used as the matrix material, and starch, as a
modulus-modifier for these blends. PCL was cho-
sen because of its good mechanical properties
such as tensile strength and elongation and also
its good compatibility with many types of poly-
mers. Starch helps to lower the cost of the final
product as well as giving a good mechanical prop-
erty such as the tensile modulus. However, the
poor miscibility between PCL and starch is still a
problem to be overcome for enhancement of the
properties of the blends. Previous works have re-
ported®1%12 on the simple blend of starch gran-
ules and PCL that were not miscible with each
other. They showed that there is a significant
decrease in tensile strength at a higher percent-
age of starch granules over 30 wt % because the
starch coalesces into larger aggregates of about
30-40 pum in diameter and is not uniformly dis-
tributed within the PCL matrix. It is thus neces-
sary to obtain small and well-dispersed starch
domains within the PCL matrix for good mechan-
ical properties of the starch/PCL blends.

In this work, we prepared a blend of a gelati-
nized starch and PCL and studied the effect of
starch gelatinization on the mechanical proper-
ties of starch/PCL blends. Poly(ethylene glycol)
(PEG) is known to be a starch plasticizer and to
reduce the brittleness of the starch.>!31* In the
present study, PEGs of various molecular weights
were used in starch/PCL blends and the effect of
the PEG molecular weight on the mechanical
properties of the blend system was also investi-
gated.

EXPERIMENTAL

Materials and Blends Preparation

The PCL used in this study, Tone®, was pur-
chased from Union Carbide (Danbury, CT). The
granular corn starch and four kinds of PEGs were
obtained from Sigma Chemical (St. Louis, MO)
and Aldrich (Milwaukee, WI), respectively. The

number-average molecular weights of the PEGs
used in this work are 400, 3400, 8000, and
100,000.

The simple blend of corn starch granules/PCL
(CS/PCL) was prepared by mixing the starch
granules which were not destructured and the
PCL pellets in a Brabender mixing head at 90°C
and 80 rpm. The gelatinized starch/PCL (GS/
PCL) blend was prepared from gelatinized starch
and PCL pellets by melt mixing with a Brabender
mixing head at 90°C and 80 rpm: A mixture of
corn starch and enough water was blended for 3
min at 90°C in a Brabender mixer to gelatinize
the starch. After that, the PCL pellets were
added, while heating and mixing were continued.
The resulting product, which looks like a gum,
was dried under a vacuum at 40°C for 7 days to
remove the water used in the starch gelatiniza-
tion. The compositions of the CS/PCL and GS/
PCL blends (40/60 by weight percent) were the
same.

The starch/PCL/PEG blends in which PEG acts
as a starch plasticizer were also prepared by melt
mixing with the same mixing and drying condi-
tions as for the GS/PCL blend. The relative
amounts of PCL, starch, and PEG for all the
blends studied were fixed at the ratio of 60/40/10
by weight.

Mechanical Property Measurements

All the blend samples were molded by hot-press-
ing at 150°C to make sheets of 1 mm thickness
and then the specimens for tensile measurements
were cut from the sheets and shaped into dog-
bone-type bars (1 mm thickness, 5 mm width, and
20 mm length) using a cutter. All tensile mea-
surements were performed using an Instron
Model 4204 tester at room temperature. Experi-
ments were performed at a constant crosshead
speed of 10 mm/min. A minimum of five samples
was tested under the same conditions for each
blend to give an average value of the experimen-
tal data.

Electron Microscopy

The morphologies of the blends were investigated
using a scanning electron microscope (Phillips
SEM 535M). To observe the domain structure of
the starch phase, the surface of the compression-
molded blend specimen was etched physically for
1 h in a water medium by the irradiation of ul-
trasonic waves (Branson 2210). The ultrasonica-
tion was performed at 40°C for all the samples.
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Figure 1 Tensile s—s curves for CS/PCL and GS/PCL
at room temperature.

Thermal Measurements

Differential scanning calorimetric studies were
carried out using a DuPont 9900 instrument with
a heating rate of 10°C/min. Each sample was rap-
idly quenched from room temperature to —50°C
and then heated to 250°C under a nitrogen atmo-
sphere. Thermal transition behavior was re-
corded during the first heating because of the
thermal degradation of the starch above 200°C.

FTIR Measurements

All the FTIR spectra were obtained on a Bomem
102 spectrometer at a resolution of 2 cm™!. Mea-
surements were carried out using a deuterated
triglycine sulfate detector (DTGS). For IR mea-
surements, all the blend samples were molded for
the film formation by hot-pressing at 150°C under
12,000 psi. The thickness of all the samples for IR
measurements was about 10 wm.

RESULTS AND DISCUSSION

Effect of Starch Gelatinization on the Mechanical
Properties of the Starch/PCL Blend

Figure 1 shows the stress—strain (s—s) curves of
the GS/PCL and CS/PCL blends. It is found that
the mechanical properties of the GS/PCL blend
are significantly different from those of the CS/
PCL blend: The higher the modulus and strength,

the lower percentage of the elongation at break
and tensile toughness of the GS/PCL blend. To
investigate the origin of the differences in the
mechanical properties of the above two blends,
SEM images of the blends were taken and are
shown in Figure 2. Figure 2(a) shows the SEM
image of the CS/PCL blend and it is found that
the starch granules dispersed in the PCL matrix

(b)

Figure 2 SEM images of the (a) CS/PCL (x1250) and
(b) GS/PCL (x1250).
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Figure 3 Tensile s—s curves for gelatinized starch/
PCL/PEG (40/60/10 wt ratio) blends with different PEG
molecular weights.

are not effectively disrupted during the blend pro-
cess. Thus, the CS/PCL blend could exhibit a
shear-yielding deformation as shown in Figure 1,
just as in the case of pure PCL.!2 On the other
hand, in the case of the GS/PCL blend, as shown
in Figure 2(b), the starch granules are well gela-
tinized, which results in good dispersion of the
starch in the PCL matrix. The GS/PCL blend
shows a brittle deformation pattern instead of
shear-yielding deformation as shown in Figure 1.

Effect of PEG on the Mechanical Properties
of the Starch/PCL Blend

Figure 3 shows the s—s curves of the starch/PCL/
PEG blends with different molecular weights of
PEG at the given composition. Four different mo-
lecular weight PEGs are used and the starch/PCL
blends containing PEGs are named blend 1 for
PEG400, blend 2 for PEG3400, blend 3 for
PEG8000, and blend 4 for PEG100,000. Unlike
blends 1, 2, and 3, blend 4 showed a brittle defor-
mation behavior. It is due to that PEG100,000 is
not miscible with starch, and, thus, it cannot ef-
fectively reduce the brittleness of the starch. The
DSC studies on determination of the miscibility of
PEG100,000 and starch will be presented in the
latter part of this section.

Figure 4 shows the tensile toughness of the
blends as a function of PEG molecular weight at

the given composition. From Figure 4, it is found
that the addition of PEG to the GS/PCL blend
could lead to the enhancement of toughness if the
molecular weight of PEG is not very high. It
seems that the lower molecular weight PEG re-
duces the brittleness of rigid starch and makes
the mobility of starch chains increase. However,
for blend 4, which showed a brittle deformation
behavior, the toughness was not different from
that of the GS/PCL. This is because PEG100,000
could not reduce the brittleness of the starch. The
starch is too hydrophilic to be miscible with
PEG100,000 in that it has a significantly lower
number of hydroxyl groups per unit mass com-
pared with the low molecular weight PEG. It is
also found from Figure 4 that the toughness of the
blend shows a maximum at a certain molecular
weight of PEG. To enhance toughness of the
blends, it is usually necessary to ensure that the
adhesion between the dispersion phase and the
matrix is good, and the choice of the dispersed
particle size for higher tensile toughness depends
upon the relative positions of the shear-yielding
envelope and the critical crazing stress. Buck-
nall'® reported that in polycarbonate (PC), which
is relatively resistant to crazing and shows shear-
yield deformation, the smaller dispersion phase
could lead to the higher tensile toughness. The
smaller dispersed particle size ensures that both
cavitation and debonding at interfaces are post-
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Figure 4 Tensile toughness of GS/PCL/PEG (40/

60/10 wt ratio) blends as a function of PEG molecular
weight.
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poned until they can initiate immediate dilata-
tional shear yielding. PCL is a typical polymeric
material which exhibits shear-yield deformation.
Thus, the toughness of the starch/PCL blend in
this study will become higher when the domain
size of the starch phase is smaller. In a previous
study on the PCL/starch blend,'? the blend with
the smaller starch granules showed a higher ten-
sile toughness than that with the larger starch
granules.

Figure 5 shows SEM images of the starch do-
mains dispersed in the PCL matrix in the blends.
The mean diameters of the starch domain mea-
sured using an image analyzer are 9.73 um for
PEG400, 2.34 um for PEG3400, 3.60 um for
PEG8000, and 7.34 um for PEG100,000. The
starch domain size of the blend containing
PEG3400 is smaller than those of the others and
thus higher tensile toughness of the blend was
observed. The smaller starch domain and higher
tensile toughness of the blend containing
PEG3400 may result from the most effective com-
patibilizing effect of PEG3400 for the blend. We
thus tried to investigate the interactions between
PEG and starch and between PEG and PCL in the
blend by DSC and FTIR, respectively.

(b)
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Figure 5 SEM images of the starch/PCL blends containing (a) PEG400 (Xx1250),
(b) PEG3400 (x1250), (c) PEG8000 (x1250), or (d) PEG100,000 (x1250).

Previous studies showed that the mechanical
properties of the starch/PCL blend are poor due to
the poor miscibility between starch and PCL.°~!2
We confirmed that there was no interaction be-
tween starch and PCL in the GS/PCL blend from
the FTIR studies, the result of which is shown in
Table I and will be discussed in detail in the latter
part of this discussion. Thus, the change of the
melting transition of starch will originate from
the interaction degree of starch and PEG in the
blend. Figure 6 shows the thermal behavior of the

Table I Relative Peak Area of the Carbonyl
Stretching Band of PCLs Having Different
Structures and Interactions

Amorphous Interacted Crystalline
Sample (1737 cm™ Y (1730 cm™ Y (1724 cm™ 1Y)
PCL 74.0 0.0 26.0
GS/PCL 74.1 0.0 25.9
Blend 1 68.5 14.3 17.2
Blend 2 68.5 21.5 10.0
Blend 3 66.8 274 5.8
Blend 4 65.2 28.7 6.1
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Figure 6 DSC heating thermograms of GS/PCL/PEG
(40/60/10 wt ratio) blends with various PEG molecular
weights. Heating rate: 10°C/min.

starch/PCL/PEG blends with different PEG mo-
lecular weights. The melting temperature of the
starch in the GS/PCL blend not containing PEG
was about 150°C. As shown in Figure 6, the melt-
ing temperature of the starch in each blend in-
creased gradually with increase of the PEG mo-
lecular weight for blends 1-3. For blend 4, the
melting temperature of the starch was almost
same as that in the GS/PCL blend not containing
PEG. The starch has three hydroxyl groups in
each monomeric unit, and thus it is very hydro-
philic and will effectively interact with other po-
lar groups. The number of hydroxyl group per
unit mass of the low molecular weight PEG is
higher than that of the high molecular weight
PEG, indicating that the low molecular weight
PEG is more hydrophilic than is the high molec-
ular weight PEG. PEG400 is thus the most mis-
cible with starch and it can lower the starch melt-
ing temperature more effectively than can the
other PEGs, as shown in Figure 6. The low mo-
lecular weight PEG will make the starch chains
more mobile, which might contribute to the en-
hancement of toughness.

For better understanding of the results as
shown in Figures 4 and 5, the interaction between
PCL and PEG was also considered. To obtain
information on the interaction between PCL and
PEG as a function of the PEG molecular weight,

we took the FTIR spectra of the pure PCL and the
PCL/PEG400 blend and focused on the carbonyl
stretching vibration observed in the region of
1600-1800 cm . As shown in Figure 7(a), which
is the FTIR spectrum for the pure PCL, the car-
bonyl stretching frequencies, v,(C=0), were ob-
served at 1724 and 1737 cm ™!, which correspond
to the crystalline and amorphous components.'®
Figure 7(b) shows the FTIR spectra of the PCL/
PEG400 blend in the region of 1600—1800 cm .
From Figure 7(b), the new peak, which was not
observed from the FTIR spectrum of the pure
PCL, appeared at about 1730 cm . In the previ-
ous reports of Coleman and Zarian'® and Hubbell
and Cooper,!” the carbonyl stretching of the PCL
having a specific interaction in the PVC/PCL
blend was observed around 1730 cm ™~ !. Liberman
et al.'® also reported that the PEO/PMMA blend
system was compatible and might form thermo-
dynamically stable mixtures because of the spe-
cific interaction between the carbonyl groups of
PMMA and the ether groups of PEG. Thus, it can
be concluded that the carbonyl stretching of the
PCL amorphous region having a specific interac-
tion between the carbonyl groups of PCL and the
ether groups of PEG is observed at 1730 cm ! in
the PCL/PEG blend.

For the starch/PCL/PEG blend systems, we
tried to obtain qualitative information on the rel-

1800 1750 1700 1650 1600
Wave number (cm'1)

Figure 7 FTIR spectrum of (a) pure PCL and

(b) PCL/PEG400 (5/5 wt ratio) blend in the range of

1600-1800 cm 1.
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Figure 8 FTIR spectrum of GS/PCL/PEG3400 (40/
60/10 wt ratio) blend in the range of 1600—-1800 cm ™.

ative amount of the interacting carbonyl groups of
PCL with PEG by deconvolution of the carbonyl
stretching band of the PCL in the blend. A typical
result for the deconvolution is shown in Figure 8.
The carbonyl stretching band of the PCL in the
starch/PCL/PEG blend was also resolved into
three components: The crystalline component was
observed at 1724 cm™!; the amorphous compo-
nent interacting with PEG, at 1730 cm ™ !; and the
amorphous component without interaction with
PEG, at 1737 cm '. From each resolved peak
area, we could calculate the relative fraction of
the carbonyl groups interacting with PEG. The
interacting carbonyl band was not observed in
either the pure PCL or the GS/PCL blend. Their
carbonyl bands were resolved into only two peaks
corresponding to the crystalline and amorphous
components. By addition of PEG to the blend, the
interacting carbonyl band of the PCL in the blend
was generated in the FTIR spectra.

The relative peak area of the components in
the blend is summarized in Table I. As seen from
Table I, it is found that there is no interaction
between the gelatinized starch and PCL. As the
PEG molecular weight becomes higher, the rela-
tive fraction of the interacting carbonyl groups is
found to increase. As already shown in Figure 6,
the miscibility of PEG with starch increased with
decrease of PEG molecular weight owing to the

increase of the hydrophilicity of the PEG with
decrease of the PEG molecular weight. Therefore,
the low molecular weight PEG (PEG400) is ex-
pected to be distributed mainly in the starch
phase instead of the PCL phase, which resulted in
that the low molecular weight PEG could not
interact with the PCL. However, as the molecular
weight of PEG increases, the miscibility between
starch and PEG becomes poorer and the higher
molecular weight PEG began to diffuse out from
the starch phase.

When the PEG molecular weight is 100,000,
PEG is not miscible with starch any more and
phase separation occurs, which is evidenced from
Figure 6: The melting temperature of the starch
in the GS/PCL blend was almost the same as that
in blend 4. In this case, PEG100,000 would be
distributed mainly in the PCL phase and inter-
acts with PCL instead of starch. Thus, blend 4
could show a brittle deformation behavior which
was similar to the one for the GS/PCL. From
these results, it is found that, in the case of low or
high molecular weight PEG, PEG could not act
effectively as a compatibilizer for the gelatinized
starch/PCL blend, resulting in the poor adhesion
between the two phases. The poor adhesion leads
to a very weak and brittle mechanical behavior.

However, PEG3400 is expected to effectively
interact with both starch and PCL in the blend.
Only the PEG which has a proper molecular
weight could act as an effective compatibilizer for
the gelatinized starch/PCL blend.

This work was carried out with the support of the
Honam Petrochemical Corp.
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