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ABSTRACT: Blends of the modified polycaprolactone (PCL) and the gelatinized starch
with glycerin were prepared. The modified PCL, PCL-g-glycidyl methacrylate (GPCL),
was synthesized by melt reaction of PCL and glycidyl methacrylate (GMA) in the
presence of benzoyl peroxide (BPO) in a Brabender mixer. The size of the dispersed
starch in the GPCL matrix was found to be smaller than that in the PCL matrix. As the
relative content of the GMA groups in the GPCL increases, the elongation at break of
the blend showed the highest value at a grafted GMA content of 4.2 wt %. With the
increase of the glycerin content in the starch, an abrupt change of the mechanical
properties of the blend were observed between 40 and 50 wt % glycerin content based
on the starch weight. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 1507–1516, 2001
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INTRODUCTION

Many research and industrial attempts have been
focused on the use of natural biopolymers such as
starch, cellulose, lignin, chitin, and chitosan.
These materials are fully biodegradable and also
quite cheap. Despite these advantages, they have
some drawbacks such as poor long-term stability
caused by the water absorption, poor mechanical
properties, and processability. To overcome these
problems, the various physical or chemical modi-
fications including blending,1–6 chemical deriva-
tion,7–9 and graft copolymerization10,11 have thus
been considered.

The blends of starch and aliphatic polyester,
especially polycaprolactone (PCL), are known to
be completely biodegradable plastics.12–18 The

previous studies have shown that the mechanical
properties of the starch/PCL blends become
poorer with increase of the starch content in the
blend.12,13,15 This may be attributed to the incom-
patibility between the hydrophobic PCL and the
hydrophilic starch. It is thus necessary to use a
proper method to enhance the compatibility of
PCL with starch in the blend.

In the present study, polycaprolactone-g-glyci-
dyl methacrylate (GPCL), which can act as a ma-
trix material as well as a compatibilizer, was
newly synthesized for the reactive blend with
starch plasticized with glycerin, and the effect of
the amount of the grafted glycidyl methacrylate
(GMA) and the glycerin content on the mechani-
cal properties of the blends were also investi-
gated.

EXPERIMENTAL

Blend Preparation

Commercial-grade PCL TONE787 was purchased
from Union Carbide. The unmodified granular
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corn starch with 30 wt % amylose and 70 wt %
amylopectin, which was purchased from Sigma
Chemical Co., was used in this work. Because the
starch is very sensitive to moisture, it was used
after drying in vacuum at 100°C for 24 h. The
glycidyl methacrylate grafted PCL (GPCL) was
prepared by melt reaction of GMA and PCL with
a Brabender mixing head. The 40 g of PCL was
hand mixed with GMA/benzoyl peroxide (BPO)
solution where the BPO content was fixed at 10
wt % of the GMA amount. The GMA content in
the blend was varied from 5 to 20 wt % of the PCL
amount. This mixture of PCL and GMA in the
presence of BPO was introduced into the chamber
of the Brabender mixer. Mixing speed was kept
constant at 80 rpm. The grafting reaction was
carried out at 130°C for about 8 min. After com-
pletion of the grafting reaction, the reaction prod-
uct was dissolved in tetrahydrofuran. The solu-
tion was poured into a large excess of methanol
and the white precipitate, GPCL, was obtained
and dried in vacuum. The grafted GMA content of
the resulting GPCL could be calculated by using
1H-NMR spectra. The methylene proton peaks of
PCL appeared at the chemical shifts completely
separated from those of the proton peaks of the
grafted GMA unit. From the relative peak area of
the methylene proton of PCL and the methine
proton of GMA, the content of GMA grafted onto
PCL could be calculated, and the results are sum-
marized in Table I.

The GPCL/gelatinized starch blends were pre-
pared by melt mixing with a Brabender mixing
head as follows: the starch was gelatinized with
glycerin in a Brabender mixer to disrupt the gran-
ular structure of starch and then blended with
GPCL. The purity of the glycerin is 99%, and was
purchased from Samchun Pure Chemical Corp.
Mixing was performed at 170°C and 80 rpm for
about 15 min. The melt temperature and torque
of the reacting mixture were recorded during the
mixing period. All the blend samples were molded
by hot pressing at 150°C to make sheets with
1-mm thickness and then the specimens for ten-
sile measurements were cut from the sheets and
shaped into dog bone-type bars using a cutter.

The actual dimensions of tensile specimen were
the same as the ones described in the ASTM-
D1708 method.

Mechanical Properties

The mechanical properties of all the blend sam-
ples were measured with an Instron (Model-4204)
tensile tester at a crosshead speed of 10 mm/min,
and the two points of extension for calculating the
initial tensile moduli of the specimens were se-
lected at 0.1 mm and 0.3 mm, respectively. A
minimum of five specimens were tested and the
results were averaged.

Scanning Electron Microscopy

The morphology of the GPCL/gelatinized starch
blend was investigated by using scanning elec-
tron microscopy (Phillips SEM 535M). To observe
the domain structure of the starch phase, the
fracture surface of the compression-molded blend
specimen was etched physically in water medium
by applying the ultrasonic wave (Branson 2210).
The ultrasonication was performed at 40°C for 1 h
for all the specimens. The SEM micrographs were
taken with the electric field strength of 20–30 kV.

NMR Spectroscopy

The 1H-NMR spectra and proton decoupled 13C-
NMR spectra were recorded on a Bruker AMX500
operating at 500 MHz for the proton. The solvent
used for the sample preparation was DMSO-d6 in
the NMR measurements. The chemical shifts for
resonance peaks are reported in parts per million
(ppm) using tetramethyl silane as a reference.

Melt Shear Viscosity

The melt shear viscosity of the blend was mea-
sured at 170°C with an Instron 3213 Capillary
Rheometer with a die orifice radius of 0.03 inch
and a die length of 1.0 inch.

RESULTS AND DISCUSSION

Reaction of Melt Blend

Figure 1 shows a change in torques of the GPCL/
gelatinized starch blend and the PCL/gelatinized

Table I The Grafted GMA Content of Various GPCLs

Sample GPCL1 GPCL4 GPCL7 GPCL13

GMA content in the feed 5 wt % 10 wt % 15 wt % 20 wt %
Grafted GMA content 1.4 wt % 4.2 wt % 7.2 wt % 13.2 wt %
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starch blend during mixing in a Brabender mixer.
For the PCL/gelatinized starch blends, the torque
is found to decrease continuously until it becomes
stable. However in the blend with GPCL, there is
a significant increase in the torque after the ini-
tial melting of the blend. Such an increase in the
torque is often observed in reactive blends, and is
normally understood to be due to the reaction
between the chemically reactive groups in the
blend. The epoxide groups of the grafted GMA
and the hydroxyl groups of either the starch or
glycerin are expected to induce a chemical reac-
tion, resulting in the formation of the ether link-
age, as shown in Figure 2.

During the reactive blending, gel can be formed
by the reaction between GPCL4 and starch. After
extracting the soluble fraction from the reacted
blend with dimethyl sulfoxide (DMSO), the gel
fraction could be obtained. Figure 3 illustrates the
gel fraction of the reacted GPCL4/starch blend as
a function of glycerin content in the blend. It is
found that the gel fraction decreases with in-
crease of the glycerin content in the blend. This
would be because the glycerin hinders the reac-
tion between GPCL4 and starch.

Figure 4(a) and 4(b) illustrate the 1H- and 13C-
NMR spectra of the soluble fraction in the
GPCL4/gelatinized blend. The soluble fraction is
composed of GPCL4, starch, and glycerin. The
peaks are assigned on the basis of chemical shift
of each component reported by the previous stud-
ies.16,19 To compare the reactivity of starch and
glycerin, the weight ratio of glycerin to starch in
the soluble fractions of the reacted blend was
determined from the ratio of the NMR peak areas
corresponding to glycerin and starch, and the re-
sults are summarized in Table II. It is found that
the glycerin/starch weight ratios in the soluble
fraction of the reacted blend are much higher
than those in the unreacted blend. It implies that
the starch participates more favorably in the net-
work formation by the reaction with the GPCL4
than the glycerin. Starch is a high molecular
weight polymer containing three hydroxyl groups
in a monomeric unit. Thus, it has a high possibil-
ity to react with the GPCL and a small number
of reaction can more easily form a crosslinked
network.

Figure 1 Torque vs. reaction time for the GPCL/ge-
latinized starch and the PCL/gelatinized starch blends.

Figure 2 Reaction scheme between epoxide group of
PCL-g-GMA and the hydroxyl end group of starch or
glycerin.

Figure 3 Gel content of the GPCL4/gelatinized
starch blend as a function of the glycerin content.
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Effect of Starch Content on Mechanical Properties
of the GPCL/Gelatinized Starch Blends

Figure 5 shows the tensile modulus of the GPCL4/
gelatinized starch blend as a function of starch

content in the blend. The tensile moduli of the
blends based on the starch gelatinized with 40 wt
% of glycerin (with respect to starch) are found to
increase with the increase of the starch content in
the blend. As the relative content of the gelati-
nized starch itself containing 40 wt % glycerin in
the blend increases, the hard domain fraction in
the blend increases, and thus the tensile modulus
of the blend increases. Table III shows the me-
chanical properties of the gelatinized starch and
GPCL4. As shown in Table III, the modulus of the
gelatinized starch itself containing 40 wt % glyc-
erin is much higher than that of GPCL4. It im-
plies that the gelatinized starch containing 40 wt
% glycerin is harder than GPCL4.

Figure 4 NMR spectra of the soluble fraction in the GPCL4/gelatinized blend: (a)
1H-NMR, and (b) 13C-NMR.

Table II The Change of Glycerin/Starch (w/w)
Ratio after Reactive Blending

Before Blending

Glycerin/Starch (w/w)
Ratio

0.3 0.4 0.5 0.6

After blending 1H-NMR 0.45 0.51 0.70 0.97
13C-NMR 0.45 0.58 0.83 1.05
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For the blends based on the gelatinized starch
containing 50 wt % glycerin, the modulus of the
gelatinized starch is only a little higher than that of
GPCL4, and thus the modulus increase of the blend
with the starch content becomes less significant
than that of the blend based on the gelatinized
starch containing 40 wt % glycerin. However, in the
case of the blend based on the gelatinized starch
containing 60 wt % glycerin, the tensile modulus of
the blend is shown to decrease with the increase of
the starch content, as shown in Figure 5. When the
glycerin content is high, the modulus of the gelati-
nized starch becomes much lower than that of
GPCL, and thus the modulus of the blend would
decrease with increase of the starch content.

Figure 6(a) and (b) illustrates the elongation at
break and tensile toughness of the GPCL4/gelati-
nized starch blend with different glycerin content.
As expected, the elongation at break and tensile
toughness of the blend decrease with increasing
the gelatinized starch content. The decrease of
elongation at break with the starch content is
more significant in the blends based on the gela-
tinized starch containing 40 wt % glycerin com-
pared to those containing 50 wt % and 60 wt %
glycerin. This would be associated with the me-
chanical properties of the gelatinized starch and
morphology of the blend. The detailed discussion
is given in the following section.

Effect of Glycerin Content on the Mechanical
Property of the GPCL/Gelatinized Starch Blend

Figures 7 and 8 show the tensile strength and
elongation at break of the GPCL4/gelatinized

starch (50/50) blend as a function of glycerin con-
tent. It is observed that the tensile strength and
elongation at break abruptly change as the glyc-
erin content changes from 40 to 50 wt % of the
starch in the blend. To understand this phenom-
enon, the blend morphology and the mechanical
properties of the dispersion phase, gelatinized
starch, was investigated.

Figure 9(a)–(d) shows the SEM images of the
GPCL4/gelatinized starch blends containing dif-
ferent amount of glycerin. The images were taken
for the fracture surfaces etched physically by the

Figure 6 Tensile properties of the GPCL4/gelatinized
starch blends with various glycerin content: (a) Elon-
gation at break, and (b) tensile toughness.

Figure 5 The tensile modulus of the GPCL4/gelati-
nized starch blends with different glycerin content.
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ultrasonic treatment. The resulting morphologies
were significantly different among each other.
The starch domain sizes in Figure 9(a) and (b) are
larger than those in Figure 9(c) and (d): the do-
main size of the dispersed starch phases shown in
Figure 9(a) and (b) is found to be around 2–3 mm
in diameter, while the domain size of the dis-
persed starch phases shown in Figure 9(c) and (d)
is less than 1 mm in diameter. This difference in
the domain size could lead to a significant change
in the tensile strength and elongation at break as
the glycerin content changes from 40 to 50 wt % of
the starch in the blend. In a previous report,15,18

however, the starch/PCL blend exhibiting a large
domain size (about 15 mm) of the dispersed starch
showed a high elongation at break. Therefore, a

significant change of the tensile strength and the
elongation at break of the GPCL4/gelatinized
starch blend cannot be explained only by the dif-
ference of the domain size of dispersed starch. It
is thus necessary to additionally consider the ef-
fect of the mechanical properties of the dispersed
starch itself on the mechanical properties of the
blend.

Figure 10 illustrates the tensile strength and
elongation at break of the gelatinized starch with
the glycerin content ranged from 30 to 60 wt % of
the starch. It is found that the tensile strength
and elongation at break change very significantly
as the glycerin content increases from 40 to 50 wt
% of the starch. The gelatinized starch containing
glycerin lower than 40 wt % of the starch showed

Table III The Mechanical Properties of GPCL4 and the Gelatinized Starch Containing Various
Amounts of Glycerin

Samples
Tensile

Modulus (MPa)

Tensile
Strength

(MPa) Elongation at Break (%)

GPCL4 227 34.3 1300
Gelatinized starch containing glycerin

(40 wt % of starch)a 960 35 6
Gelatinized starch containing glycerin

(50 wt % of starch) 321 19 30
Gelatinized starch containing glycerin

(60 wt % of starch) 20 5.5 109

a 40 wt % of starch: 40 parts of glycerin was used for gelatinization of 100 parts of starch.

Figure 8 Elongation at break of the GPCL4/gelati-
nized starch (50/50) blend as a function of the glycerin
content.

Figure 7 Tensile strength of the GPCL4/gelatinized
starch (50/50) blend as a function of the glycerin con-
tent.
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a brittle behavior, while the gelatinized starch
containing glycerin greater than 50 wt % was
rather ductile. This behavior is sometimes re-
ferred in the literature,20,21 but has not been
studied in detail. It is conjectured that the com-
plicate glycerin–starch interactions would be in-
volved in this behavior, and thus further study
should be performed to clarify this behavior.

As is shown in Figures 7, 8, and 10, the change
of mechanical properties of the gelatinized starch
with glycerin content is very similar to that of the
blends. It implies that the mechanical properties
of the blends are closely related to the mechanical
properties of the dispersion phases. In a previous
study on filled polymers,22 the enhanced interfa-
cial adhesion results in a reduction of the elonga-
tion at break and an increase in the tensile
strength. In this case, the dispersed phase of the
filler is hard to deform, and thus it cannot relax

Figure 9 SEM micrographs of the GPCL4/gelatinized starch (50/50) blend containing
different amounts of glycerin: (a) 30 wt % (32500), (b) 40 wt % (32500), (c) 50 wt %
(310,000), and (d) 60 wt % (310,000) of starch content.

Figure 10 Tensile strength and elongation at break
of the gelatinized starch as a function of the glycerin
content.

REACTIVE BLENDS OF GELATINIZED STARCH 1513



the external stress and restrict the deformation of
ductile matrix caused by the good interfacial ad-
hesion. The increase of the interface adhesion
could thus reduce the elongation at break and
increase the tensile strength of the blend.

In the GPCL4/gelatinized starch blend, the in-
terfacial adhesion between the matrix PCL and
the dispersed starch phase can be enhanced by
the reaction of GPCL and starch. Because the
matrix PCL is tightly bound to the dispersed
starch phase, the mechanical properties of the
blend are influenced by the mechanical properties
of the dispersed starch phase. When the dispersed
starch phase is hard and brittle, the dispersed
starch phase will restrict the deformation of the
matrix PCL. It can lead to a reduction of the
elongation at break and an increase in the tensile
strength of the blend. When the dispersed starch
phase is flexible and mobile enough to relax the
external stresses, however, the dispersed starch
phase can induce the subsequent deformation of
the matrix PCL and dissipate the external
stresses. It may result in a higher elongation at
break and a lower tensile strength of the blend.

Mechanical Properties of the GPCL/Gelatinized
Starch Blends with Grafted GMA Content

In preparing GPCL, the GMA content grafted on
the PCL was varied by changing the feed ratio of
GMA and PCL for the reaction and the results are
summarized in Table I. The weight ratio of each

component in the blend was fixed at GPCL/glyc-
erin/starch 5 50/30/50.

Figure 11 illustrates the tensile strength of the
blend as a function of the grafted GMA content. It
is found that the tensile strength increases as the
grafted GMA content increases. With the increase
in the amount of GMA grafted on PCL, the reac-
tion between GPCL and starch becomes more
probable, and it induces the network formation by
crosslinking reaction. The crosslinking reaction
can lead to an increase of the tensile strength of
the blend. To have some idea on the degree of
crosslinking, a gel content in the blend and melt
shear viscosity of the blend were measured. The
gel fraction with the GMA content in the blend
and the melt shear viscosity of the blend are plot-
ted in Figures 12 and 13, respectively. It is found
that the gel content in the blend increases with
the increase of the grafted GMA content. The melt
shear viscosity also increases as the grafted GMA
content increases because the degree of crosslink-
ing increases with the increase of the grafted
GMA content.

Figure 14(a) and (b) illustrates the change of
the elongation at break and the tensile toughness
of the GPCL/glycerin/starch (50/30/50) blends
with the grafted GMA content. When the pure
PCL was used in the blend, the elongation at
break and tensile toughness are very low. As the
grafted GMA content increases, the elongation at
break and the tensile toughness increase and
show the highest value at a certain grafted GMA
content.

Figure 11 Tensile strength of the GPCL/glycerin/
starch (50/30/50) blend as a function of the grafted
GMA content.

Figure 12 Gel content of the GPCL/glycerin/starch
(50/30/50) blend as a function of the grafted GMA con-
tent.
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C. B. Bucknall23 reported that in polycarbonate
(PC), which is relatively resistant to crazing, and
shows shear yield deformation, the smaller dis-
persion phase could lead to a higher tensile tough-
ness. The smaller dispersed domain size ensures
that both cavitation and debonding at interfaces
are postponed until they can initiate immediate
dilatational shear yielding. PCL is a typical poly-
meric material that exhibits shear yield deforma-
tion. In the previous study on the PCL/starch
blend,15 the blend with a smaller starch domain
size showed a higher tensile toughness than that
with a larger starch domain size. Figure 15 shows
the SEM images of the starch domains dispersed
in PCL or GPCL matrix in the blends. It is found
that the starch domain size of the blend decreases
as the grafted GMA content in the blend in-
creases. When the grafted GMA content is higher
than 4 wt %, the starch domain size in the blend
is smaller than 1 mm. It is because the reaction
between the grafted GMA and starch is much
more probable at the higher content of the grafted
GMA and it can reduce the starch domain size by
enhancement of interfacial stability between the
starch and the matrix.

According to the phase morphology shown in
Figure 15, the domain size of the dispersion phase
decreases with increase in the grafted GMA con-
tent. It was thus expected that the elongation at
break and the tensile toughness increase with the
increase of the grafted GMA content. However,
the elongation at break and the tensile toughness
showed a highest value at a certain amount of the

grafted GMA. With the increase in the grafted
GMA content, the crosslinking degree of the blend
is also expected to increase. This is already shown
in Figures 12 and 13. The gel fraction and melt
viscosity increase as the grafted GMA content
increases. The increase of the crosslinking degree
may reduce the chain relaxation over the external
stress and lead to a decrease of the elongation at
break. The elongation at break and the tensile
toughness could show a highest value at a certain
grafted GMA content due to these two opposite
effects.

Figure 13 Melt shear viscosity vs. shear rate of the
GPCL/glycerin/starch (50/30/50) blend.

Figure 14 Tensile properties of the GPCL/glycerin/
starch (50/30/50) blend as a function of the grafted
GMA content: (a) elongation at break, and (b) tensile
toughness.
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