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ABSTRACT: Low-density polyethylene (LDPE) was
melt-blended with native cassava starch in an internal
mixer. The unplasticized starch content was in the range
of 30-70 wt %. Potassium persulfate and benzoyl peroxide
were used as initiators to generate free radicals in starch
and LDPE, leading to graft copolymerization during melt
blending. An enhancement of interfacial adhesion due to
initiators was observed directly in scanning electron
micrographs and was proven indirectly with many experi-
ments, including tensile property testing, tear strength
testing, water absorption testing, dynamic mechanical ther-
mal analysis, thermogravimetric analysis, and soil burial
testing. The tensile strength and Young’s modulus of all
blend compositions increased with the addition of initia-
tors, whereas the tear strength increased in blends contain-

ing 50 wt % or more starch. The water uptake of the
samples decreased significantly when initiators were
added. Starch exhibited a strong effect on the o-relaxation
process of LDPE. Blends containing initiators provided
higher o-relaxation temperatures than blends without ini-
tiators. The increase in the interfacial adhesion of the
blends also affected the biodegradation of starch. A lesser
biodegradation rate of starch was observed in the blends
containing initiators; this was shown by a reduction in the
weight loss and more starch left in the samples after soil
burial testing. © 2009 Wiley Periodicals, Inc. J Appl Polym Sci
114: 742-753, 2009

Key words: biodegradable; biopolymers; blends; poly-
ethylene (PE); renewable resources

INTRODUCTION

Low-density polyethylene (LDPE) has been used as
a commodity product for more than 50 years. Plastic
waste causes problems with respect to waste man-
agement. Every year, there is a tremendous increase
in plastic waste that cannot be completely eliminated
because there are limited landfill sites. The pyrolysis
of plastic wastes may produce carcinogens such as
dioxin, and the pyrolysis process also consumes a
lot of energy and generates greenhouse gases such
as carbon dioxide. With respect to these environ-
mental problems, the degradation of plastics
becomes an important issue. Although biodegrad-
able plastics such as poly(lactic acid), poly(butylene
adipate-co-terephthalate), and poly(3-hydroxylbuty-
rate) have been launched recently, their cost is very
high in comparison with conventional plastics. Bio-
plastics are a new class of plastics representing plas-
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tics derived from renewable biomass sources such as
starch and vegetable oils, whereas fossil fuel plastics
are derived from petroleum. Bioplastics may not
have biodegradation characteristics. The ASTM D
6866 method has been developed to certify the bio-
logically derived content of bioplastics. There is an
important difference between biodegradability and
biobased content. Blends of conventional fossil-based
plastics and starch are called bioplastics as well.
Their biobased content depends on their starch con-
tent. LDPE blended with starch is one example of
bioplastics. Blends of LDPE and starch have been
widely studied in the last 3 decades, and they are
still an important subject to be studied and
researched now. Starch has been used as a biofiller
in LDPE to reduce the cost and increase the degra-
dation of plastic products. Starch is a natural poly-
mer and is an abundant, inexpensive, and renewable
resource. Starch is degraded by microorganisms and
is suitable for preparing bioplastics and biodegrad-
able polymers. Unfortunately, the mechanical prop-
erties of thermoplastic polymer/starch blends are
low because of the immiscibility of the blends. The
hydrophilic nature of starch and the hydrophobic
nature of LDPE make LDPE/starch blends incom-
patible. Therefore, many published articles concern-
ing LDPE/starch blends have frequently reported on
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compatibilization methods. Moreover, the degra-
dation of LDPE/starch blends has also been
reported, although they are not fully biodegradable
polymers.

There are many kinds of starches used for blending
with LDPE, such as corn starch,™!” potato starch, 2!
wheat starch,? sago starch,? rice starch,** banana
starch,?® mango starch,?® and cassava starch.”’ 2 To
increase the compatibility of LDPE/starch blends,
modified or nonnative starch has been used, such as
pregelatinized  starch,''  crosslinked  starch,'*
octanoated starch,'®'** starch acetate,” hydropropy-
lated starch,”" and phthalated starch.>* Polyethylene
graft copolymers have been widely used as com-
patibilizers with other polymers; they include poly-
ethylene grafted with maleic anhydride (PE-g-
MA),! 3561724253536 polyethylene  grafted — with
glycidyl methacrylate,'”* LDPE grafted with dibutyl
maleate,”’ LDPE grafted with itaconic acid,*” an eth-
ylene/acrylic acid copolymer,'®* and polyethylene
grafted with styrene-co-maleic anhydride polymer.*®
Other polymers used as compatibilizers include an
ethylene/vinyl acetate copolymer,® an ethylene/vinyl
alcohol copolymer,®® and a functionalized metallo-
cene copolymer.” One-step reactive blending of
LDPE and starch by the addition of maleic anhydride
and peroxide has been reported.”'**31°

In situ graft copolymerization is one effective
method for increasing the compatibilization of poly-
mer blends. The graft copolymerization of a thermo-
plastic polymer onto starch has been widely studied.
Potassium persulfate (PPS), a water-soluble initiator,
is effective for starch graft copolymerization.* Tt is
well established that benzoyl peroxide (BPO) can be
used as an initiator for polyolefins. To the best of
our knowledge, there is no report of blending LDPE
and cassava starch with the addition of PPS and
BPO. The objective of this study was to enhance the
compatibility of LDPE/cassava starch blends by the
addition of PPS and BPO to increase interfacial ad-
hesion between the LDPE matrix and starch gran-
ules. The hypothesis was that PPS and BPO would
induce free radicals in starch and LDPE, leading to
graft copolymerization and improved interfacial ad-
hesion at the interphase between LDPE and granular
starch. This study focused on the effect of PPS and
BPO on the mechanical properties and characteristics
of the blends, but verification of the graft copolymer
was beyond the scope of this study.

EXPERIMENTAL
Materials

LDPE (EL-Lene 1905F/FA) with a melt flow index of
5.0 g/10 min was produced by Thai Polyethylene
Co., Ltd. (Bangkok, Thailand). Native cassava starch

was kindly supplied by General Starch, Ltd. (Bang-
kok, Thailand). Starch was dried at 100°C for 48 h
and kept in a desiccator before use. PPS and BPO
were analytical-grade and were used as received.

Blend preparation

Blends containing 30-70 wt % starch were prepared
with an internal mixer (model 350E, Brabender,
Duisburg, Germany). Mixing was carried out at
120°C with a rotor speed of 100 rpm for 8 min.
LDPE was initially melted for 3 min before the addi-
tion of starch. The PPS content was 0.5 pphr (0.5
parts per hundred parts of starch), whereas the BPO
content was 1.0 pphr (1.0 parts per hundred parts of
LDPE). Starch was mixed with a PPS aqueous solu-
tion in a blender for 3 min at room temperature
before blending with LDPE and BPO in the internal
mixer. LDPE/starch blends were compression-
molded into sheets (~ 1.0 mm thick) with a KT-7014
compression molding machine (Kao Tieh, Ltd., Tai-
pei, Taiwan) at 120°C for 5 min. Sample sheets were
cooled to room temperature and then kept in the
desiccator before mechanical property testing and
characterization.

Mechanical property testing

The die-cut specimens were prepared from the com-
pression-molded sheets. The tensile properties
(ASTM D 412C) and tear strength (ASTM D 624 for
the right-angle specimen) were determined with a
universal testing machine (LR10K, Lloyd, Fareham,
England) at a crosshead speed of 50 mm/min.
Before the measurements, the samples were condi-
tioned at 50 £ 5% relative humidity for 24 h in the
desiccator. Testing was performed at 25 + 2°C and
50 £+ 5% relative humidity, and eight specimens
were tested for every sample. The average values
and standard deviations were reported. Young's
modulus was determined from the slope of the lin-
ear portion of the stress—strain curves.

Blend characterization

Water absorption was measured with 25.0 mm
x 250 mm x 3.0 mm samples (width x length
x thickness) according to ASTM D 570. It involved
total immersion of the samples in distilled water at
room temperature. The samples were dried in a vac-
uum oven at 50°C for 24 h. Then, they were cooled
in the desiccator and weighed [dry mass (14ry)]
close to £0.0001 g. At regular time intervals, each
sample was removed from the water, dried by wip-
ing with blotting paper, and subsequently weighed
[wet mass ()] to determine the water uptake.
The samples were placed back into the water after
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each measurement and were investigated over a pe-
riod of 2 months. The water uptake was calculated
with eq. (1):

Myet — Mdry %

Water uptake (%) = p
dry

100 (1)

The thermal properties were evaluated with a
TGA7 thermogravimetric analyzer (PerkinElmer,
Norwalk, CT) and a DSC7 differential scanning calo-
rimeter (PerkinElmer). Thermogravimetric analysis
(TGA) was carried out at a heating rate of 10°C/min
from 30 to 600°C under a nitrogen atmosphere. DSC
thermograms were recorded with a scan rate of
10°C/min for both heating and cooling at tempera-
tures between 20 and 160°C. The crystallization tem-
perature was detected with the first cooling scan,
whereas the melting temperature and degree of crys-
tallinity were determined with the second heating
scan. The fusion heat of 100% crystalline LDPE was
277.1 J/g."' The degree of crystallinity was normal-
ized with the weight fraction of LDPE in the blends.
Dynamic mechanical thermal analysis (DMTA) was
performed with a Rheometric Scientific (Piscataway,
NJ) DMTA V. The experiments were carried out in
the dual-cantilever bending mode at a frequency of
1 Hz with a strain control of 0.01%, and the heating
rate was 3°C/min. The temperature range was —40
to 100°C. A scanning electron microscope (JSM-
5800LV, JEOL, Tokyo, Japan) was used to observe
the blend morphology before and after soil burial
testing. Freeze-fractured surfaces were investigated,
and samples were coated with gold before
observation.

Soil burial test

Soil for the soil burial test was obtained from mix-
tures of fertile soil and general ground under trees
and was kept in 30-cm-high baskets. Samples were
dried in a vacuum oven at 60°C for 24 h. Then,
they were cooled in the desiccators and weighed
close to +0.0001 g. The samples were buried at the
center of the baskets and placed outside the build-
ing. The samples were removed periodically after a
fixed time interval, washed thoroughly with water,
and then vacuum-dried at 60°C for 24 h. The
weight of the samples was recorded and used to
calculate the extent of biodegradation of the sam-
ples. The weight-loss percentage was calculated
with eq. (2):

Weight loss (%) = w x 100 (2)

b

where W, and W, are the weights of the samples af-
ter and before the soil burial test, respectively. After
the soil burial test, the samples were also investi-
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gated with TGA and scanning electron microscopy
(SEM).

RESULTS AND DISCUSSION
Blend morphology

It is known that LDPE/starch blends are immiscible;
therefore, phase separation is obtained. Figure 1
shows SEM micrographs of the blends containing
30 wt % starch with and without initiators. Unplasti-
cized starch granules dispersed in the LDPE matrix.
No adhesion between the starch granules and LDPE
matrix appeared in the blend without initiators, as
shown in Figure 1(a,b). With the addition of
0.5 pphr PPS and 1.0 pphr BPO, good adhesion
between the starch granules and LDPE matrix was
achieved, as displayed in Figure 1(c,d). The arrow in
Figure 1(d) indicates the superior interfacial adhe-
sion between the starch granules and LDPE matrix.
On the basis of the preliminary study, PPS promoted
adhesion between the starch granules, as shown by
arrows in Figure 2(a). The connection of starch gran-
ules in the blends without PPS was slightly noticea-
ble. Without BPO, we could not notice good
adhesion between the starch granules and LDPE ma-
trix, as shown in Figures 1(d) and 2(b). As a result,
it was necessary to use both PPS and BPO to
increase the interfacial adhesion between starch and
LDPE. The blend morphology indicated that a graft-
ing reaction between starch and LDPE may have
occurred at the interphase. This agrees with the
assumption of this study: PPS plays an important
role in the grafting reaction of starch granules,
whereas BPO induces free radicals in LDPE, leading
to an interfacial graft copolymer between starch and
LDPE. We believe that a graft copolymer (LDPE-g-
starch) formed in these blends, although there was
no characterization of the graft copolymer. Besides
the evidence from the blend morphology, there were
many proofs implying the formation of this graft co-
polymer, which are discussed next.

Mechanical properties

Figure 3(a—c) shows the tensile properties of LDPE/
starch blends. The blends with and without initiators
showed similar trends as the starch content
increased. Young’s modulus increased whereas the
tensile strength (stress at break) and elongation at
break decreased as the amount of starch increased,
as reported by many researchers.>*®!%?*3 Superior
modulus and tensile strength were displayed by the
blends containing initiators. Among the blends with-
out initiators, the maximum modulus, 261 MPa,
appeared for the blend containing 60 wt % starch.
With initiators, the modulus increased from
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Figure 1 SEM micrographs of LDPE/starch blends containing 30 wt % starch: (a,b) without initiators and (c,d) with

initiators.

214 MPa to a maximum of 508 MPa in the blend
containing 50 wt % starch. The increase in the mod-
ulus due to the addition of initiators to these blends
was greater than that for the LDPE/corn starch
blends compatibilized with polyethylene grafted
with glycidyl methacrylate,'” by which the modulus
increased from 240 to 300 MPa. The tensile strength
also increased with the addition of initiators. This
improvement was clearly noticed in the blends con-
taining 40 wt % or more starch. The tensile strength
of the blends containing 50 wt % or more starch
with initiators was 89 MPa, which was slightly
higher than that of LDPE/cassava starch blends
reported by Huang et al,* which was approxi-
mately 2-8 MPa. Compared to LDPE containing 30—
50 wt % corn starch, """ these blends showed
higher tensile strength of 8.9-10.7 MPa, whereas
those blends showed tensile strength in the ranges
of 5.7-8.0, 610, and 5-7 MPa, respectively. The
addition of initiators reduced the elongation at break
of the blends containing 40 wt % or less starch, and
no effect of the initiators was observed in the starch-

rich blends. The elongation at break of the blends
containing 50 wt % or more starch with initiators,
shown in Figure 3(c) (6.6-55.6%), was higher than
that reported by Huang et al. (3-18%). Compatibil-
izers may show effects on the elongation at break in
various ways. For example, polyethylene grafted
with glycidyl methacrylate, used as a compatibilizer
in LDPE/corn starch blends," showed insignificant
changes in the elongation at break (5-5.5%) in blends
containing 30-50 wt % starch. Bikiaris and Panayio-
tou' showed the effect of the compatibilizer content
on the enhancement of the elongation at break of
LDPE/corn starch blends; that is, 0.4 and 0.8 mol %
PE-g-MA provided elongations at break of 30 and
100%, respectively. The tensile properties of polymer
blends strongly depend on the parent polymers.
LDPE is tough and ductile, whereas starch is
hard and brittle. The degree of crystallinity and
glass-transition temperature of starch are quite high.
The glass-transition temperature of granular starch
is approximately 210-230°C, and it is very close
to the degradation temperature (ca. 225-250°C)."

Journal of Applied Polymer Science DOI 10.1002/app



746

Figure 2 SEM micrographs of LDPE/starch blends with
50 wt % starch and different initiators: (a) 0.5 pphr PPS
and (b) 0.5 pphr PPS and 0.5 pphr BPO.

Furthermore, starch is stiffer than LDPE because of
its high crystallinity and intermolecular attraction by
hydrogen bonding. Therefore, granular starch added
to LDPE would act as rigid particles in LDPE and
bring about an enhancement of the modulus of the
blends. The tensile strength and elongation at break
of polymer blends are more sensitive to the miscibil-
ity and morphology of the blends. Unfortunately, we
cannot measure the tensile properties of granular
starch; thus, we are unable to determine the devia-
tion from the rule of mixture. A reduction in the ten-
sile strength and elongation at break is always
derived for an LDPE/granular starch blend because
of immiscibility; consequently, compatibilization is
essential for this blend. The particle size of starch
granules is very large (~ 20 um), causing premature
failure during loading. Normally, the particle size of
the dispersed phase should be small (e.g., <1 pm) to
improve the mechanical properties. Both the brittle-
ness and too large particle size of the starch granules
contributed to the decrease in the tensile strength
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and elongation at break for the blends. Because of
the initiators, there was increased interfacial adhe-
sion in the blends, which enhanced the modulus
and tensile strength. In general, an increase in inter-
facial adhesion improves load transfer between the
dispersed phase and the matrix, resulting in higher
mechanical properties. Although the interfacial ad-
hesion was improved, a lower elongation at break
for the blends containing initiators was derived. This
could be explained as follows: during the applica-
tion of the load, load transfer between LDPE and
starch occurred more in the blends with initiators
than in the ones without initiators. After the transfer
of the load to starch, the high brittleness and too
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Figure 3 Tensile properties of LDPE/starch blends: (a)
modulus, (b) stress at break, and (c) elongation at break.
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Figure 4 Tear strength of LDPE/starch blends.

large particle size of the starch played important
roles in the ductility of the blends. In fact, BPO was
able to crosslink LDPE, and this resulted in the
decreased elongation at break. The tear strength of
all blends containing initiators had to be higher than
that of the blends without initiators if crosslinking
occurred. However, the results in Figure 4 do not
support this assumption. When the starch content
was 30 or 40 wt %, the tear strength of the blends
without initiators was higher than that of the blends
containing initiators. Moreover, a swelling test in p-
xylene at 80°C revealed that the blends containing
initiators dissolved in the solvent. This confirms that
crosslinking in LDPE did not take place in these
blends.

The yield stress did not change significantly when
less than 60 wt % starch was added. It was in the
ranges of 8.6-12.6 and 6.1-8.9 MPa for the blends
with and without initiators, respectively. Appa-
rently, the initiators increased the yield stress of the
blends as well. The initiators did not change the ten-
sile behavior of all blend compositions. With and
without initiators, the blends exhibited ductile frac-
ture when the starch content was 50 wt % or less.
The blends became brittle and no yield point was
detected when the starch content was 70 wt %.

Although the blends containing 60 wt % starch
showed a yield point, the elongation at break was as
low as 11%. The tear strength of the LDPE/starch
blends decreased with increasing starch content, as
shown in Figure 4. The initiators had a positive
effect in the blends containing 50 wt % or more
starch, whereas a significant decrease was found for
the blend containing 30 wt % starch. The initiators
led to synergistic behavior of the tear strength for
certain blend compositions. On the other hand, the
synergistic behavior of the modulus and tensile
strength due to the initiators appeared in all blend
compositions.

Blend characterization

One disadvantage of LDPE/starch blends compared
with LDPE is greater hydrophilicity in the blends
due to the nature of starch. Practically, a reduction
in the hydrophilic behavior of starch is one approach
to the improvement of blends. Table I shows the
water uptake percentage in the blends with and
without initiators. The enhancement of water
absorption with increasing starch content and soak-
ing time can be seen. Obviously, water absorption
diminished in the blends containing initiators, and a
great reduction was observed in the blends contain-
ing 50 wt % or more starch. This behavior could
have arisen from the good adhesion between LDPE
and starch [Figs. 1(d) and 2(b)] and between starch
granules [Fig. 2(a)], as described earlier for the blend
morphology. This was attributed to a decrease in the
surface area of the starch granules in the blends
containing initiators. The lesser surface area of starch
yielded lower water uptake of the blends. The
results for water absorption indirectly implied
the presence of a graft copolymer on the starch sur-
face. Different compatibilization methods could gen-
erate different characteristics for the blends. For
example, PE-g-MA in the LDPE blended with plasti-
cized corn starch acted as an emulsifier, and this
was attributed to a finer dispersion of the plasticized

TABLE I
Water Absorption of LDPE/Starch Blends

Water uptake (%)

Starch content without initiators (wt %)

Starch content with initiators (wt %)

Time
(days) 30 50 70 30 50 70
1 0.5+ 0.0 2.0+ 0.2 8.0+ 0.3 04 + 0.0 0.7 +£ 0.0 24 +02
6 1.0 £ 0.0 45+ 05 21.7 £ 0.8 0.9 + 0.0 1.6 £ 0.0 54+ 04
12 1.5+ 0.0 6.1 £0.7 229 + 1.0 1.1 +£0.1 22+ 0.0 72 +05
18 1.8 £0.1 74 +08 229 + 1.1 14 +£0.1 2.6 +£0.1 8.6 £ 0.5
24 21 +0.1 84+ 09 229 + 1.0 1.6 £0.1 2.9+ 0.0 9.7 +£ 0.5
30 22 +0.1 94 + 1.1 229 + 1.0 1.8 £0.0 3.3+0.0 11.0 £ 0.6
60 24 4+ 0.0 109 £ 1.2 226+ 1.1 21 +0.1 3.8+ 0.0 12.8 £ 0.7
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Figure 5 DMTA thermograms of LDPE/starch blends
without initiators: (a) storage modulus (E’), (b) loss modu-
lus (E”), and (c) tan o.

starch in the LDPE matrix." Those blends showed
increased water absorption after the addition of PE-
¢-MA. Finer particles provide more surface area,
and PE-g-MA is more hydrophilic than LDPE. On
the contrary, the particle size of unplasticized starch
in these blends did not change, although the graft
copolymer occurred on the surface of starch. There-
fore, those results differed from the findings in this
study.

Viscoelastic properties of the blends without initia-
tors are illustrated in Figure 5. Starch increased the
storage modulus of the blends; this was similar to
the increase in Young’s modulus. This result reveals
that granular starch acted as a reinforcing filler for
LDPE. Starch also increased the loss modulus of the
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blends and showed a peak or shoulder at approxi-
mately 60°C or less. The tan & peaks of LDPE and
the blends appeared in the temperature range of 57—
67°C within the measured temperature range of —40
to 100°C. Three relaxations are commonly observed
in DMTA thermograms of polyethylene and are des-
ignated the a, B, and v relaxations.**? The v relaxa-
tion typically appears at a very low temperature
(e.g., =150 to —90°C) and is related to the crankshaft
motion. The B relaxation is observed between —30
and 20°C, and there is no general conclusion about
the origin of molecular motion in this relaxation.
However, it is believed that the B process can be
attributed to the segmental motions in the noncrys-
talline phase in either the amorphous phase or the
interfacial phase. The o relaxation is usually found
at a relatively high temperature (30-120°C), depend-
ing on the grade of polyethylene. There were differ-
ent assumptions involving the o relaxation; for
example, this relaxation was due to molecular
motion within the crystalline phase or due to defor-
mation of amorphous regions occurring as a result
of reorientation within the crystallites. The maxi-
mum temperatures of tan 6 peaks in LDPE and the
blends are listed in Table II. Starch strongly
increased the o-transition temperature of LDPE (e.g.,
from 57 to 67°C after the addition of 70 wt % starch).
This finding suggests that starch interfered with the
a-relaxation process of LDPE. The o-transition tem-
perature increased more with additional initiators,
as illustrated in Table II and Figure 6. The higher
transition temperature appeared for all blend com-
positions. This is probably due to the effect of the
graft copolymer. The good interfacial adhesion
between starch and LDPE may have obstructed the
molecular mobility of LDPE. The effects of initiators
on the storage and loss moduli of the blends are
demonstrated in Figures 7 and 8, respectively. Small
changes in the storage modulus were obtained, and
the initiators decreased the loss modulus of the
blends, particularly at temperatures below the o-
transition temperature. Although starch and initia-
tors played a role in the a-relaxation process of

TABLE II
Temperature at the Tan 6 Maximum (a-Transition
Temperature) for LDPE/Starch Blends With and
Without Initiators

Starch Temperature at the tan 8 maximum (°C)
content
(wt %) Without initiators With initiators
0 57.1 57.1
30 62.0 65.1
50 64.4 67.1
70 67.2 72.5
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Figure 6 Tan OJ-temperature curves of LDPE/starch
blends containing 30-70 wt % starch: (a) 30, (b) 50, and
(c) 70 wt % starch.

LDPE; there were only small changes in the crystalli-
zation and melting temperatures and degree of crys-
tallinity of LDPE in the blends according to the DSC
measurements listed in Table III. The degree of crys-
tallinity of the blends containing 30 or 70 wt %
starch increased only 1%, and that of the 50 wt %
starch sample increased only 5%. These values were
not high enough to affect the mechanical properties
and water uptake of the blends. Therefore, changes
in the properties after the loading of the initiators
were not due to the increase in the crystallinity. No
significant changes in the crystallization and melting
temperatures were reported in the LDPE/corn starch
blends with and without PE-¢-MA.® DSC thermo-
grams of LDPE and the blends recorded from the

first heating scan and the first cooling scan showed
a change in the heat capacity at 55.1-56.5°C, but this
disappeared in the second heating scan. This phe-
nomenon was also reported by other researchers®*
and was claimed to be the glass-transition tempera-
ture of LDPE.*® Tt is inconclusive in this study
because it was not detected in the second heating
scan. However, this transition temperature may be
related to the o relaxation, which was observable
from DMTA thermograms.

The TGA results for the blends with and without
initiators produced similar thermograms, as shown
in Figure 9. Two decomposition temperatures at
approximately 350 and 500°C were noticed for the

(a)

____— With initiators

—— Without initiators

-40 -20 0 20 40 60 80 100
Temperature ‘0

Without initiators (b)

With initiators

0 T T T T T T

-40 -20 0 20 40 60 80 100
Temperature ‘C)

- Without initiators

With intiators

0 T T T T T T
-40 -20 0 20 40 60 80 100
Temperature ‘0
Figure 7 Storage modulus (E')-temperature curves of
LDPE/starch blends with and without initiators: (a) 30,
(b) 50, and (c) 70 wt % starch.
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Figure 8 Loss modulus (E"”)-temperature curves of
LDPE/starch blends with and without initiators: (a) 30,
(b) 50, and (c) 70 wt % starch.

blends. The amount of ash in the blends also corre-
sponded to the starch content. The initiators showed
no effect on the degradation behavior of the fresh
samples (i.e., samples not soil-burial-tested). The
effect of increased interfacial adhesion due to initia-
tors on degradation was observed in the soil-burial-
tested samples, as discussed next.

Characteristics after the soil burial test

One of the most common methods for estimating the
biodegradation rate is the weight loss of samples
during soil burial. Figure 10 exhibits the weight loss
of samples according to eq. (1). Without initiators,
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TABLE III
Crystallization Temperature (T,), Melting Temperature
(T,,,), and Degree of Crystallinity (X.) of LDPE/Starch
Blends With and Without Initiators

Without initiators With initiators

Starch T, T X, T, T X.
(wt %) O O (%) O O (%)

0 94.0 109.9 20.8 — — —
30 95.0 109.5 19.1 95.8 109.2 20.1
50 95.3 109.4 15.2 95.6 109.5 20.1
70 95.6 109.5 17.3 95.1 108.7 16.0

the relative lost weight of the blends increased tre-
mendously with increasing time duration of the soil
burial and starch content. The maximum weight loss
at 24 weeks increased from 10 to 70% when the
starch concentration was increased from 40 to 70 wt
%. During soil burial, biodegradation in the starch
phase took place, generating weight loss of the sam-
ples. Thus, more degradation of the samples pro-
vided more weight loss. Remarkably, a great
reduction in the weight loss was achieved when ini-
tiators were added to the blends. With initiators, the
weight of the blends containing 50 wt % or less
starch remained constant or decreased slightly
(£3%), whereas the blends containing 60 or 70 wt %
starch showed a maximum weight loss of 18 or 26%,

120 -

0 wt% (a)
100 A
g:: 80 30 wi%
E" 60 1
2
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e
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Figure 9 TGA thermograms of LDPE/starch blends:
(a) without initiators and (b) with initiators.
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Figure 10 Weight loss after the soil burial test of LDPE/
starch blends: (a) without initiators and (b) with initiators.
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respectively. Slight changes in the weight loss of the
blends containing 30 wt % starch were observed in
accordance with observations by others.! Natural
macromolecules such as starch and cellulose are
generally degraded in a biological system by hydro-
lysis followed by oxidation.** The decrease in water
absorption in the blends containing initiators caused
a low biodegradation rate because water is essential
for fungus growth and physical factors affecting the
activity of enzymes. Figure 10(b) substantiates the
assumption that the graft copolymer occurred on
the surface of the starch granules and inhibited or
delayed the biodegradation of the starch portion.
After the soil burial test, the blends containing 50
or 70 wt % starch were selected to be investigated
by TGA. Figure 11 presents TGA thermograms of
the blends with and without initiators after soil bur-
ial testing of 6-24 weeks. Samples tested for longer
burial times showed lower starch contents for all the
blends, except the blend containing 50 wt % starch
with initiators [Fig. 11(c)], which was less affected
by the burial time. For example, samples at 24 weeks
[Figure 11(a,b)] exhibited smaller curve inflection at
the degradation temperature of starch (300-400°C)
than samples at 6 weeks. Without starch, no curve
inflection occurred in the temperature range of 300-
400°C in the sample, as illustrated in Figure 9. The
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Figure 11 TGA thermograms of LDPE/starch blends after the soil burial test: (a) 50 wt % starch without initiators, (b) 70 wt %
starch without initiators, (c) 50 wt % starch with initiators, and (d) 70 wt % starch with initiators.
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Figure 12 SEM micrographs of freeze-fractured surfaces of LDPE/starch blends containing 70 wt % starch with and
without initiators after the soil burial test for 24 weeks: (a,b) without initiators and (c,d) with initiators.

depth of the curve inflection due to starch degrada-
tion in the samples containing initiators [Fig. 11(c,d)]
was higher than that of the ones without initiators
[Fig. 11(a,b)] with the same time interval for the soil
burial test. This revealed that after soil burial testing,
the blends containing initiators consisted of starch
more than those without initiators. These TGA
results also confirm the improvement of the interfa-
cial adhesion of the blends due to the addition of
initiators. These findings coincide with the results of
weight loss after soil burial testing. Both the weight
loss and the TGA test indicated that the biodegrada-
tion rate of starch in the samples decreased with the
addition of initiators.

Freeze-fractured surfaces of blends containing
70 wt % starch were determined with SEM and are
shown in Figure 12. Spores of microorganisms, as
displayed in Figure 12(b), were observed in all sam-
ples. Figure 12(a,b) represents a sample without ini-
tiators, and no evidence of good adhesion between
the starch granules and LDPE matrix can be seen.
On the contrary, Figure 12(c,d) shows that the partly

Journal of Applied Polymer Science DOI 10.1002/app

biodegraded starch granule well adhered to the
LDPE matrix, as indicated by the arrow. These SEM
micrographs harmonize with the results obtained
from weight-loss and TGA measurements explained
earlier and also support the enhancement of the
compatibilization of LDPE/starch blends due to the
addition of PPS and BPO.

CONCLUSIONS

The compatibility of LDPE/starch blends was
enhanced by the use of PPS and BPO as initiators
for LDPE and starch during melt blending, and this
was attributed to the formation of a graft copolymer
between LDPE and starch on the surface of the
starch granules. The formation of the graft copoly-
mer increased the interfacial adhesion between the
starch granules and LDPE. The formation of the
graft copolymer and the enhancement of interfacial
adhesion due to the addition of PPS and BPO were
supported by the following phenomena: the increase
in the modulus and tensile strength, the increase in
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the o-relaxation temperature, the decrease in the
water absorption of fresh samples, and the decrease
in the weight loss of samples and the biodegradation
rate of starch after the soil burial test. SEM micro-
graphs also provided strong evidence of good adhe-
sion between the starch granules and LDPE matrix
before and after the soil burial test. On the basis of
this study, it is essential to use both PPS and BPO as
initiators to obtain optimum properties.
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