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ABSTRACT: In the present study, low-density polyethylene (LDPE) and plasticized
starch (PLST) blends, containing different percentages of PLST, were prepared. In
these blends, two different polyethylene/maleic anhydride graft (PE-g-MA) copolymers
containing 0.4 and 0.8 mol % anhydride groups, respectively, were added as compati-
bilizers at 10 wt % PLST. The compatibilization reaction was followed by FTIR spec-
troscopy. The morphology of the blends was studied using scanning electron microscopy
(SEM). It was found that as the amount of anhydride groups in the copolymers
increases a finer dispersion of PLST in the LDPE matrix is achieved. This is reflected
in the mechanical properties of the blends and especially in the tensile strength. The
blends compatibilized with the PE-g-MA copolymer containing 0.8 mol % anhydride
groups have a higher tensile strength, which in all blends, even in those containing 20
and 30 wt % PLST, is similar to that of pure LDPE. The biodegradation of the blends
followed the exposure to activated sludge. It was found that the compatibilized blends
have only a slightly lower biodegradation rate compared to the uncompatibilized
blends. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 1503–1521, 1998
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INTRODUCTION

Over the last 50 years, synthetic plastics have
become the major new materials replacing the
traditional ones such as paper, glass, steel, and
aluminum in many applications. Thus, the total
volume of plastics production nowadays exceeds
that of steel.1 Their main advantages are that
they can be easily formulated, producing materi-
als with desirable properties that are light in
weight and cheap to produce and with low-energy
requirements for their transport and especially
for their production. But plastics also have some
disadvantages, mainly, the nonbiodegradability

of most of them, causing many environmental
problems associated with plastic disposal after
their usage.

Polymer recycling is an environmentally at-
tractive solution, but the results in a worldwide
scale have not been too successful so far. The
biggest percentage of recycling has been achieved
in some European countries, mainly due to an
efficient combination of mechanical and chemical
methods for plastics recovery. A variety of me-
chanical methods for recycling plastics has al-
ready been developed2 and a large portion of the
recycled plastics can be used for energy produc-
tion.3 Significant progress has been achieved in
the last few years in the technology of chemical
recycling of plastics as well. This includes the
melting and depolymerization of plastics into
their corresponding monomers which can be re-
used. Already, major companies such as BASF,
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VEBA, and BP have developed the necessary
know-how and they are investing in this technol-
ogy by building new plants.4 Nevertheless, it is
calculated that worldwide only 1% of the pro-
duced plastics is recycled,5 whereas the remain-
ing part, especially of plastics used for packaging
materials, ends up in municipal burial sites. It is
estimated that plastics compose approximately
7.2 wt % (20% by volume) of the total litter, con-
tributing significantly to the problem of litter
management.

Thus, in the last 20–30 years, there has been an
increased interest in the production and use of fully
biodegradable polymers with the main goal being
the replacement of nonbiodegradable plastics, espe-
cially those used in packaging materials. Such bio-
degradable plastics which are commercially avail-
able are polycaprolactone, polyhydroxyalkanoates,
and especially poly(3-hydroxybutyrate-co-3-hydro-
xyvalerate (Biopolt), poly(lactic acid), poly(butylene
succinate), and poly(butylene succinate-co-adipate)
(Bionollet), poly(vinyl alcohol), and poly(ethylene
glycol). However, although many of the above-men-
tioned polymers possess the required properties and
can be used for the production of blown film and
injection -molded articles, they are not widely used
due to their high cost. Biodegradable polymers are
estimated to be four to six times more expensive
than polyethylene or polypropylene, which are the
most widely used plastics for packaging applica-
tions.

Many research and industrial attempts have
been focused on the use of natural biopolymers
such as starch, cellulose, lignin, chitin, and chi-
tosan, which are also fully biodegradable. In ad-
dition, these materials are also very cheap and
they are produced from renewable, natural
sources. However, the above biopolymers are un-
suitable for most uses in the plastics industry:
They are susceptible to water absorption, they are
formulated by using special techniques, and the
final products have poor physical properties.
Some approaches to overcome these problems in-
clude chemical modification by simultaneously
changing their hydrophilic character to hydropho-
bic. Such examples are cellulose and starch es-
ters.6–8 But in most cases, these modified biopoly-
mers still have inferior mechanical properties and
the cost for their esterification is high.

Starch has a high biodegradation rate and in
the early 1970s Griffin had the idea to use gran-
ular starch as a filler in polyethylene in order to
increase the biodegradability of the resulting ma-
terial.9 It was also used as an additive in biode-

gradable synthetic polymers in order to decrease
their cost10 as well as in nonbiodegradable poly-
mers like PVC and ABS,11 EAA,12 EVA, and PP.13

Most of starch applications, however, are focused
on polyethylene. The latter is widely used as
packaging material and as mulch film in agricul-
tural applications. In both cases, recycling of the
plastic is very difficult. As a result of these efforts,
in the last few years, several commercial products
have been developed, most of them containing low
amounts of starch.14 Increasing the amount of
starch causes a decrease in both tensile strength
and elongation at break. As a result, the produced
materials lose their ability to produce blown
films. This decrease arises from poor adhesion
between starch and low-density polyethylene
(LDPE) due to the different polar character of
starch and LDPE. To increase the incorporated
amount of starch, the latter can be surface-
treated with a hydrophobic additive15 or a com-
patibilizer can be used.

The ethylene–acrylic acid (EAA) copolymer is
the most effective compatibilizer so far, but it
must be used in high amounts in order to obtain
satisfactory mechanical properties. Otey et al.
produced blown films containing up to 40–50 wt
% gelatinized starch along with EAA and ammo-
nia.16,17 The carboxylic groups of EAA can form
V-type complexes with starch,18,19 increasing the
ability to use higher amounts of starch. But in
this case, it was found that EAA inhibits the rate
of starch biodegradation.20 On the other hand,
EAA has an accelerating effect on the thermooxi-
dative degradation of LDPE/starch blends when
used in low amounts together with a prooxi-
dant.21

Similar complexes like EAA can also be formed
with the hydroxyl groups of the polyethylene–
vinyl alcohol (EVOH) copolymer.22 As a result,
materials with a high amount of starch can be
produced. Also, the addition of EVOH can in-
crease the processability and injection moldabil-
ity of plasticized starch.23 Poly(vinyl alcohol),
however, is water-soluble, thus limiting the use of
such materials in aquatic environments.

In the last few years, increased interest has
appeared in the use of starch together with poly-
mers containing reactive groups. Such polymers
are the styrene–maleic anhydride (SMA) copoly-
mer and the ethylene propylene-g-maleic anhy-
dride copolymer (EPMA).24–26 In the present
study, two polyethylene-g-maleic anhydride (PE-
g-MA) copolymers containing 0.4 and 0.8 mol %
anhydride groups were used. The main objective
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was to test the compatibilization capacity of these
materials in LDPE/plasticized starch (PLST)
blends.

EXPERIMENTAL

Materials

The LDPE (Borealis) used was appropriate for
packaging applications with a melt flow index of 2
g/10 min at 190°C. PE-g-MA copolymers contain-
ing 0.4 and 0.8 mol % anhydride groups (as mea-
sured by titration with an alcoholic NaOH solu-
tion) was kindly supplied by DuPont (Canada)
under the trade names MB-158 (melt flow index
1.1 g/10 min at 190°C) and MB-110 (melt flow
index 32.5 g/10 min at 190°C), respectively. The
native corn starch containing 30 wt % amylose
and 70 wt % amylopectin was supplied by Amy-
lum (Greece). It was plasticized with 25 wt %
glycerol in a Haake–Buchler Reomixer at 180°C
for 10 min and will be referred to hereafter as
PLST.

Melt Blending

Starch was melt-blended with LDPE in a Haake–
Buchler Reomixer Model 600, with roller blades
and a mixing head with a volumetric capacity of
69 cm3. Prior to mixing, the polymers and espe-
cially PLST and PE-g-MA were dried separately
by heating in a vacuum oven at 808C for 24 h. The
components were physically premixed before be-
ing fed into the Reomixer. Mixing was performed
at 180°C and 60 rpm for 15 min. For the LDPE/
PLST blends, five different levels of PLST were
used, namely, 5, 10, 15, 20, and 30 wt %. In these
blends, two different PE-g-MA copolymers con-
taining 0.4 and 0.8 mol % anhydride groups were
used as compatibilizers, at an amount of 10 wt %
based upon PLST. Melt temperature and torque
were recorded during the mixing period. After
preparation, the blends were milled and placed in
tightly sealed vials to prevent any moisture ab-
sorption.

FTIR Measurements

FTIR spectra were acquired using a BioRad FTS-
45A FTIR spectrometer. For each spectrum, 64
consecutive scans with 4 cm21 resolution were
coadded. Samples were measured in the form of
thin films about 70 6 2 mm; thick, which were
prepared by hot-press molding.

Blend Morphology

The morphology of the blends was studied with
scanning electron microscopy (SEM), using a
JEOL microscope Model JSM-840A. For this rea-
son, a thin film from each blend was prepared in
a hydrolytic press, about 1206 3 mm; thick. To
remove the PLST from the blend, the films were
treated with hot water in 80°C for 24 h. After-
ward, the films were coated with gold and ob-
served by SEM.

Mechanical Properties of Blends

Measurements of the mechanical properties
such as tensile strength (at break) and elonga-
tion at break were performed according to the
ASTM D638 method on an Instron mechanical
tester, Model 1122. The films of the samples
(about 150 6 5 mm; thick) were prepared in a
hydrolytic press at 170°C. Measurements were
done using a 5-mm/min crosshead speed. Prior
to the measurements, the samples were condi-
tioned at 50 6 5% relative humidity for 24 h by
placing them in a closed chamber containing a
saturated Ca(NO3)2 z 4H2O solution in distilled
water (ASTM E-104). Five measurements were
conducted for each sample, and the results were
averaged to obtain a mean value.

Dynamic Thermomechanical Analysis

The dynamic thermomechanical properties of the
blends were measured with a Rheometrics Scien-
tific analyzer Model MK III. The tensile method
was used at a frequency of 1 Hz, a strain level of
0.071%, and a range of temperature from 2120 to
100°C. The heating rate was 3°C/min. The static
force was chosen so that the experiments were
made in the linear region of elasticity and without
causing drawing effects. To specify this force, sev-
eral stress–strain experiments were made before-
hand. Also, the ratio of the static-to-dynamic force
was constant during the experiment. The testing
was performed using about 8 3 6 3 0.3-mm rect-
angular strips. The exact dimensions of each sam-
ple were measured before the scan.

Water-Absorption Measurements

Water absorption was measured using 30
3 80-mm film strips of 120 6 2-mm; thickness
according to the ASTM D570-81 method. Water-
absorption measurements were performed by
soaking the samples in distilled water. At regular
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time intervals, each sample was removed from
the water tank, dried by wiping with blotting
paper, and subsequently weighted to determine
the water uptake. The samples were placed back
in the water after each measurement. The water
absorption was calculated as the weight differ-
ence and is reported as percent increase of the
initial weight.

Sample Biodegradability

The polymer blends in the form of thin films of
120 6 2mm; thickness were exposed to activated
sludge in a wastewater treatment facility of a food
treatment plant for 8 weeks. The test permitted
us to evaluate the rate of aerobic biodegradability
by measuring the weight loss and mechanical
properties of the studied samples after 2, 4, 6, and
8 weeks of exposure to activated sludge. The tem-
perature of the sludge was constant during the 8
weeks (25 6 1°C) and the pH was about 7. In
these blends, the compatibilizer level was fixed at
10 wt % PLST.

The measurements performed to follow the bio-
degradation of the samples were the following:

● Sample weighting to measure the starch
weight loss. In fact, in all samples after im-
mersion in activated sludge, there is a weight
increase due to the water absorption. We de-
fined weight loss as the difference between
the water absorption in pure water and in
activated sludge at the same exposure time.
In the second case, due to the starch con-
sumption of the microorganisms, the percent

water absorption is always lower than in
pure water.

● Scanning electron microscopy. The surfaces
of the film specimens after removing them
from activated sludge were dried in a vac-
uum oven at 70°C for 24 h and coated with
gold to avoid charging under the electron
beam.

● Mechanical measurements such as tensile
strength and elongation at break were as
described before.

RESULTS AND DISCUSSION

Figure 1 shows the torque curves of the LDPE/
PLST blends containing also the compatibilizer
with 0.8 mol % anhydride groups. The compatibi-
lizer was added at 10 wt % based on the PLST
level.

In uncompatibilized blends, it was observed
that the torque decreases as the amount of PLST
increases in the blend.27 This behavior arises
from the lower melt viscosity that PLST has com-
pared to LDPE (about 20 times lower as deduced
from the melt flow index at 190°C). However, in
our compatibilized samples, the torque magni-
tude seems to have the opposite behavior initially
and stabilizes after 400 s of mixing, remaining
unchanged afterward. In the blend with 10 wt %
PLST, the torque decreases continuously until it
becomes stable, while in the blend with 20 wt %
PLST, there is a small increase after the initial
melting of the materials. This phenomenon is

Figure 1 Torque curves of LDPE/PLST compatibilized blends.
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more pronounced in the blend prepared with 30
wt % PLST, where a peak in torque appears. Such
an increase in the torque is expected in reactive
blends28,29 and is attributed to the reaction be-
tween the chemically reactive groups of the ma-
terials. In our case, these groups are the anhy-
dride groups of the compatibilizer and the hy-
droxyl groups of either the starch or glycerin. For
this reaction, branched and crosslinked macro-
molecules are produced which have a higher melt
viscosity compared to linear macromolecules. In
the blend containing 10 wt % PLST, this peak
cannot be observed since the concentration of
the reactive groups is very small (the total
amount of PE-g-MA is 1 wt %). Thus, the amount
of branched or crosslinked macromolecules pro-
duced is not enough to cause a torque increase as
is the case in blends containing 20 and 30 wt %
PLST. As the amount of starch increases, a higher
amount of PE-g-MA is used and therefore a larger

amount of branched and crosslinked macromole-
cules is produced. The presence of these macromol-
ecules must be the reason why the torque does not
decrease with an increasing amount of starch in the
blends. A similar increase in torque by increasing
the amount of starch was also observed when starch
was blended with polymers containing reactive
groups such as SMA copolymers.26

From the observation of the torque curves, it is
concluded that the reaction is essentially com-
plete within the first few minutes, since after the
initial increase in torque, observed during the
first 100 s of mixing, the torque subsequently
decreases gradually until the final stable value.
This indicates that, essentially, all the anhydride
groups have reacted, possibly due to the large
excess of hydroxyl groups. To verify this assump-
tion and to estimate the amount of anhydride that
has reacted, the blends were studied with FTIR
spectroscopy (Fig. 2).

Figure 2 FTIR spectra of (a) PLST, (b) PE-g-MA, and (c) compatibilized LDPE/PLST
70/30 w/w blend.

LDPE/STARCH BLENDS WITH PE-g-MA COPOLYMERS 1507



In the spectra of PLST, the characteristic
broad peak at 960–1190 cm21, which is attrib-
uted to COO stretching, is present, along with
the hydroxyl group peak at 3000–3600 cm21. The
spectrum of the copolymer used as the compatibi-
lizer shows the characteristic peaks of the anhy-
dride group at 1865, 1788, and 1717 cm21.30 In
the blend produced, the peaks at 1865 and 1788
disappear and a broad peak at 1728 cm21 is
formed, attributed to ester groups formed by the
reaction of the hydroxyl groups with the anhy-
dride groups. There is also a small peak at 1709
cm21 due to the carboxyl groups which are simul-
taneously produced by the above reaction. Thus,
examination of the FTIR spectra of the blends
indicates that the anhydride groups of the com-
patibilizer have reacted.

In the PE/starch blends, containing EAA as the
compatibilizer, it was found that the carboxylic
groups of EAA can form hydrogen bonds with the
hydroxyl groups of starch. This can also be veri-
fied from the FTIR spectra by the peak at 2674
cm21, which is attributed to OOH stretching in a
hydrogen-bonded carboxyl dimer.31 In our blends,
a carboxylic group is formed for each reacting
anhydride group. These groups could also en-
hance hydrogen bonding, thus enhancing the
compatibilization capacity of the copolymer. But a
similar absorption is also detected at the same
spectral region due to the carbonylic groups of
anhydride, and as a result, any peak due to hy-
drogen bonding is masked. On the contrary, a
broad peak was observed at 1702 cm21 which can
be attributed to hydrogen-bonded carbonyls. This
area is more characteristic of hydrogen-bond for-
mation. This peak, however, is very weak and the
spectral noise makes its definite assignment to
hydrogen bonding difficult.

Blends Morphology

In polymer blends, it is necessary to study the
morphology of the final product since most of its
properties, especially its mechanical properties,
depend on it. In most cases, the major component
of the blend forms the matrix, whereas the minor
component is the dispersed phase. Thus, in the
LDPE/PLST blends, PLST is expected to be the
dispersed phase. As a result, after treatment with
hot water, PLST will be removed, leaving cavities
in the places where it was initially present. In
Figure 3, the SEM microphotographs of uncom-
patibilized blends are presented.

By examining the morphology of the blends, it
can be seen that the size of the starch phase
increases with an increasing amount of PLST.
Thus, in the blends with 10 wt % PLST, the av-
erage size is about 8 mm;, whereas in the blends
with 20 wt % PLST, it becomes about 33 mm;. It is
remarkable that in blends containing less than 15
wt % PLST there is a fine dispersion and homo-
geneity of PLST in the LDPE matrix. The large
sizes of the PLST phases produced, especially in
the blend containing 30 wt % PLST, suggest that
the adhesion between PLST and LDPE is very
poor and the two polymers are strongly incompat-
ible. The interfacial tension is very high, leading
to the phase separation of the two polymers in the
melt state.

When in the above blends the PE-g-MA copoly-
mer containing 0.4 mol % anhydride groups is
added as the compatibilizer (with 10 wt % PE-
g-MA based on the PLST content), the size of the
PLST phase decreases compared to the respective
uncompatibilized blends. This is more pro-
nounced in the blends containing 20 and 30 wt %
PLST, which also become more homogeneous.
The above is evidence that the interfacial tension
has been decreased. Branched and crosslinked
macromolecules that are produced by the reaction
between PE-g-MA and PLST act as emulsifiers.
They contain different parts, each one compatible
with one of the two polymers. This structure gives
them the ability to place themselves in the inter-
face of LDPE–PLST during melt blending. The
result is a reduction in the interfacial tension
between the two polymers and a finer distribution
of PLST in all the compatibilized blends (Fig. 4).

The decrease of the size of the PLST phase
seems to be strongly affected by the amount of
anhydride groups that the compatibilizer con-
tains. Thus, in the blends in which the PE-g-MA
used contains 0.8 mol % maleic anhydride, the
reduction of the PLST phase size is larger (Fig. 5).
The phase size in all compatibilized blends is
lower than 5 mm; and is detectable only in higher
magnification. This better dispersion arises from
the higher amount of branched or crosslinked co-
polymers that are produced, since this PE-g-MA
copolymer has more anhydride groups available
to react with the hydroxyls.

By carefully examining the SEM microphoto-
graphs of the blends, we conclude that the size of
the PLST phase is not uniform. While most of the
droplets have a size close to a mean value, there
are also much larger and much smaller ones. This
is better presented in Figure 6, showing the size
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distribution and the deviation from the mean
value for all blends prepared, as calculated from
the SEM photographs.

In the uncompatibilized blends, it can be seen
that, as the amount of PLST increases in the
blend, the deviation of the phase size from the
mean value is increasing. Thus, in the blend con-
taining 30 wt % PLST except from the large-sized
droplets (about 90 mm;), there are also small ones
(about 20 mm;). These measurements confirm
that in the incompatible blends after phase sepa-
ration each component has the tendency to aggre-
gate, forming large phases, especially in blends
containing almost equal amounts of each compo-
nent. When PE-g-MA is added as the compatibi-
lizer in the above blend, the size range of the
phases decreases. By comparing the compatibi-
lized blends, we can conclude that the size reduc-
tion is larger in the blends where the compatibi-
lizer with the larger content of anhydride was
used. It is also remarkable that the phase size
does not exceed 3 mm, even in blends with high
PLST content, while most PLST domains are ap-
proximately about 1 mm in size.

By examining blends in which the PE-g-MA with
the higher content of anhydride was used as the

compatibilizer, we can see that for blends contain-
ing 5 and 10 wt % PLST the phase size is larger
compared to that of the blends containing larger
amounts of PLST. In fact, it is similar even to the
phase size of the blends in which the PE-g-MA with
the lower content of anhydride was used. It is prob-
able that in addition to the anhydride content the
frequency of the reacting groups also plays an im-
portant role in phase-size reduction. Since the com-
patibilizer is used at a 10% level based on the
starch, in blends containing high amounts of starch,
the reactive groups of the compatibilizer have a
much higher probability to react. This higher prob-
ability would imply that blends with even higher
starch content could be prepared by using higher
amounts of the compatibilizer.

Mechanical Properties

Figure 7 shows the variation of the tensile
strength in the LDPE/PLST blends that were pre-
pared. In the uncompatibilized blends, there is a
continuous reduction in tensile strength as the
amount of PLST increases. This behavior can be
explained by examining the SEM micrographs of

Figure 3 SEM microphotographs of uncompatibilized LDPE/PLST blends: (a) 90:10;
(b) 85:15; (c) 80:20; (d) 70:30 w/w.
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the respective blends. Due to the increase in
phase size that occurs in higher contents of PLST,
blends containing 20 and 30 wt % PLST show the
lowest tensile strength. Thus, it can be said that
the incompatibility between the two polymers
greatly affects the mechanical properties of the
blends. Another possible explanation is that
PLST has a smaller contribution to the tensile
strength of the blends, since it has a very low
tensile strength (about 1 MPa). This is mainly
due to the glycerine which as a plasticizer lowers
the tensile strength of the starch, as this high
reduction of the tensile strength of PLST is also
responsible for the starch degradation that takes
place during the plasticization, due to the high
temperatures and shear forces used.32 If water is
used for the starch destructurization, the tensile
strength was reported to be about 30–40
MPa.33,34 But in this case, elongation at break is
very small (about 4%).

In addition to a plastisized form, starch can also
be used in polymer blends as a filler in a granular
form. But the addition of granular starch in LDPE
has the same result, as is the case of PLST,
namely, the reduction of tensile strength. In fact,

this reduction follows the general trend of filler
addition in polymer composites35 and it has been
reported that the reduction becomes more pro-
nounced with increasing starch granular size.36

In a previous work, we found that higher amounts
of starch can be incorporated with LDPE when it
is used in a thermoplastic (plasticized) form.37

This was the main reason for using thermoplastic
starch in the present work.

The compatibilized blends have a quite different
behavior. In the blends that were compatibilized
with PE-g-MA containing 0.4 mol % anhydride
groups, a decrease in tensile strength was observed
as the amount of PLST increased. This decrease,
however, is smaller compared with the correspond-
ing decrease in the uncompatibilized blends. Even
in the blends with 20 and 30 wt % PLST, the de-
crease is only 4.5% of the initial LDPE’s tensile
strength. The absolute value of the tensile strength
for all compatibilized blends is, of course, higher
compared with the strength of their uncompatibi-
lized counterparts. Furthermore, the finer disper-
sion of PLST in the blends, prepared with the com-
patibilizer containing 0.8 mol % anhydride groups,
is reflected more strongly in the tensile strength of

Figure 4 Compatibilized LDPE/PLST blends with PE-g-MA, containing 0.4 mol %
anhydride groups: (a) 90:10; (b) 85:15; (c) 80:20; (d) 70:30 w/w.
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these blends. There is no decrease, but, in fact, the
tensile strength remains almost stable: Even the
blend containing 30 wt % PLST has the same ten-
sile strength as that of pure LDPE.

The compatibilized blends also exhibited an
increase in the elongation at break compared to

the uncompatibilized ones. The trend is similar to
that of the tensile strength. In the uncompatibi-
lized blends, the reduction of the elongation at
break increases with an increasing amount of
PLST. In the compatibilized blends, the increase
is higher in the blends compatibilized with the

Figure 5 Compatibilized LDPE/PLST blends with PE-g-MA containing 0.8 mol %
anhydride groups: (a) 90:10; (b) 85:15, (c) 80:20; (d) 70:30 w/w.

Figure 6 Size range of PLST phase in uncompatibilized blends.
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copolymer richer in anhydride groups. However,
the elongation at break still remains lower com-
pared to that of pure LDPE (Fig. 8).

From the above measurements of the mechan-
ical properties, we can conclude that PE-g-MA
copolymers are effective compatibilizers for
LDPE/PLST blends. Only very small amounts,
0.5–3.0 wt %, are needed, leading to a large im-
provement of mechanical properties and espe-
cially tensile strength. Other compatibilizers and
especially EAA must be used in very high
amounts in order to produce comparable results.
It is evident that the mechanical properties
strongly depend on the dispersion and phase size
of PLST in the LDPE matrix. As the size of the
dispersed phase becomes smaller, an increase in
mechanical properties and especially in tensile

strength is observed. A small contribution to this
behavior may be due to the presence of branched
or crosslinked macromolecules that are produced
by the reaction of the compatibilizer and the
PLST macromolecules. These macromolecules
have higher tensile strength, compared to the lin-
ear ones, but lower elongation at break. Their
presence could also explain, in part, why the in-
crease in elongation at break was not as evident
as in the tensile strength of the blends.

Dynamic Mechanical Analysis (DMTA)

Dynamic mechanical analysis is a very useful
technique for studying the viscoelastic response of
the polymers as well as their blends in a wide
range of temperatures. DMTA is able to detect

Figure 7 Tensile strength of LDPE/PLST blends.

Figure 8 Elongation at break of LDPE/PLST blends.
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transitions such as glass transitions or secondary
transitions arising from molecular motions of side
groups or small segmental motions. The sensitiv-
ity of this method is about 2000 times higher than
that of DSC.38 In Figure 9, the DMTA thermo-
graphs of uncompatibilized LDPE/PLST blends
are presented.

As can be seen, the change in the storage mod-
ulus G9 with temperature is rather complex. At
temperatures lower than 225°C, G9 increases
with an increasing amount of PLST in the blend.
In this temperature region, most of the molecular
motions are “frozen in”; it can be said that the
blends behave like a rigid filled system. On the
contrary, this trend diminishes with increasing
temperature, and at temperatures higher than
50°C (the rubbery plateau), it is reversed. This
can be attributed to the lower viscosity of PLST as
compared with LDPE. The above behavior is the
opposite to that observed in similar blends pre-
pared with granular starch and the EPMA copoly-
mer.38 The storage modulus for temperatures
above 0°C in the latter was higher when the
amount of starch in the blend was increased,
since granular starch behaves as a filler at these
temperatures.

The changes are more pronounced in the loss
modulus (G9) and the loss tangent, tan d. LDPE,
which has a glass transition between 280 and
2120°C and also a secondary transition between
225 and 110°C. Unfortunately, PLST was very
brittle at low temperatures due to the freezing
procedure and all our attempts to measure the
thermomechanical behavior of PLST for compar-
ison failed. But, as can be seen from the thermo-
graphs of the blends, there is a clear relaxation
between 275 and 215°C with a maximum at
about 236°C. This is more pronounced in the
blend containing 30 wt % PLST and must be
attributed to the glass transition of PLST. The Tg
of granular starch is estimated to be about 210°C
(ref. 39) or 230°C (refs. 40 and 41) as calculated
from extrapolated data. A direct measurement of
its Tg is not possible because it is very close to the
degradation temperature of starch (about 225–
250°C). The Tg of plasicized starch depends lin-
early on the water content32 or the amount and
the kind of plasticizer used. According to Salla
and Tomka,39 the glass transition of a glycerol-
plasticized starch was in the range of 240 to
250°C. At the same temperature range, a small
transition was detected with DSC in our pure

Figure 9 DMTA thermograms of uncompatibilized blends: (a) storage modulus; (b)
loss modulus; (c) tan d.
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PLST sample. Thus, the maximum, which ap-
pears in the DMTA thermographs at about
236°C, must be attributed to the Tg of PLST,
taking into account that the Tg determined by
DMTA is always higher compared to that deter-
mined by DSC. This difference between the two
methods depends, of course, on the frequency that
was used during the DMTA measurements.

A very weak transition also appears between
15 and 60°C, which is similar to that mentioned
by Vaidya et al.38 in granular starch/EPMA
blends and was attributed to the glass transition
of starch. But in our plasticized starch, its glass
transition lies at a lower temperature. Thus, this
transition could be attributed to a melting pro-
cess. It is well known that starch is a mixture of
amylose, which is mainly amorphous, and amyl-
opectin, which is crystalline. In native starch,
their melting points can be measured only in the
presence of high amounts of water, which acts as
a plasticizer.42,43 But from the DSC experiments,

no melting point was detected in our PLST sam-
ples at this temperature region. A similar transi-
tion, which was detected by DSC and DMTA in
extruded starch containing a high amount of wa-
ter,42 was attributed to the enthalpy relaxation
(physical aging) of amorphous starch. Perhaps a
similar relaxation takes place also in our PLST
samples.

In the compatibilized blends, the behavior is
similar to that mentioned for the uncompatibi-
lized blends as can be seen in Figure 10. The only
difference is in the value of the storage modulus
which is higher in the compatibilized blends. This
higher rigidity possibly arises from the branched
and crosslinked macromolecules that are pro-
duced by the reaction between PE-g-MA and
PLST.

Biodegradation

The aim of our work was to prepare LDPE/PLST
blends containing high amounts of PLST and still

Figure 10 DMTA thermograms of compatibilized blends: (a) storage modulus; (b) loss
modulus; (c) tan d.
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have satisfactory mechanical properties. For this
reason, PE-g-MA was used as a compatibilizer. As
was mentioned earlier, the reaction of anhydride
groups with starch hydroxyls results in the pro-
duction of branched and crosslinked macromole-
cules. These macromolecules could have a nega-
tive effect on the biodegradation rate. In linear
polyolefins, it was found that microorganisms can
degrade oligomers like triacontadiane (C32H66),44

but in branched macromolecules, even lower mo-
lecular weight molecules are not degraded by mi-
croorganisms.45 The carboxylic groups produced
by the reaction could also have a negative effect
upon the biodegradation rate. For the above-men-
tioned reasons, a biodegradation study of our sys-
tems is essential.

One of the most frequently used methods for
estimating the biodegradation rate is the weight
loss of the samples. Since the biodegradation dur-
ing soil burial is a slow and time-consuming pro-
cess (more than 1 year may be required), we de-
cided to measure the biodegradation rate during
exposure to activated sludge. However, since
starch is a hydrophilic substance, the weight loss
data must be corrected for possible water uptake
during the exposure. Thus, the samples were first
placed in distilled water to determine their water
uptake. In Table I, the weight increase of the
uncompatibilized as well as of the compatibilized
blends, during the time of exposure in distilled
water, is shown.

As can be seen, the weight increase in the
uncompatibilized blends depends on the time of
exposure and the PLST content of the blend. The
highest rate for water absorption was observed
during the first 5–10 days for all the blends and

especially those with high PLST contents. The
uptake rate was slowed afterward. The compati-
bilizers have a positive contribution to water ab-
sorption, and as the amount of anhydride groups
increases, the rate becomes higher. Thus, the
blends compatibilized with the PE-g-MA copoly-
mer containing 0.8 mol % anhydride groups ab-
sorb the highest amount of water. This behavior
can be attributed to the production of the carbox-
ylic groups which are hydrophilic in nature and
the resulting blends become more hydrophilic
than do the uncompatibilized ones. Also, as more
carboxylic groups are produced, greater amounts
of water can be absorbed. The water absorption of
native starch and starch plasticized with glycerol
was extensively studied by Sala and Tomka39 and
is out of the scope of this work.

In Figure 11 is shown the weight loss of the
uncompatibilized blends with the exposure time
in activated sludge. The weight loss is insignifi-
cant for blends containing 5 and 10 wt % PLST.
Only above 20 wt % PLST is there a small loss
which becomes larger in the blend with 30 wt %
PLST. The maximum weight loss is about 13% of
the initial weight. The same behavior was also
observed in the compatibilized blends (Fig. 12).
Again, only in the blends with 20 and 30 wt %
PLST was there a significant weight loss.

The weight-loss measurements suggest that
the compatibilized blends have slightly lower deg-
radation rates than those of the corresponding
uncompatibilized ones. Furthermore, in compati-
bilized blends, the biodegradation rate decreases
as the content of anhydride groups increases in
the copolymers. One possible explanation for this
behavior is that the branched macromolecules

Table I Water Absorption of LDPE/PLST Blends

Time
(days)

Percent Weight Increase During Immersion in Distilled Water

Uncompatibilized Blends PLST
(%)

Compatibilized Blends with
PE-g-MA 0.4 mol % PLST (%)

Compatibilized Blends with
PE-g-MA 0.8 mol % PLST (%)

5 10 15 20 30 5 10 15 20 30 5 10 15 20 30

4 1.6 3.3 3.4 4.5 10.8 1.6 2.2 4.4 6.9 8.8 1.6 3.0 4.5 7.4 9.9
7 1.9 4.1 4.2 5.4 11.4 1.8 3.4 5.3 8.6 11.4 1.6 4.3 5.4 9.9 14.1

10 2.5 4.6 5.0 6.7 10.9 2.1 4.2 6.5 10.5 13.1 2.3 4.9 7.1 11.6 16.5
14 2.6 5.2 6.0 7.6 10.8 2.6 5.0 7.6 12.3 14.0 2.9 5.6 8.8 13.0 16.8
21 3.4 6.8 7.1 9.1 11.2 3.0 6.1 9.1 13.4 14.5 3.6 6.7 11.5 14.6 17.1
28 3.7 6.3 8.1 9.3 10.6 3.9 6.5 9.8 14.6 15.0 4.6 7.8 12.4 16.5 17.7
42 4.9 6.8 10.0 10.7 11.0 5.0 8.2 12.5 14.9 16.7 5.7 9.3 13.6 19.7 20.0
56 6.4 7.4 10.1 11.2 11.5 7.0 8.3 15.6 16.1 17.4 8.2 11.4 17.8 19.8 20.1
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which are produced by the reaction between PE-
g-MA and PLST have a lower biodegradation rate
than that of the linear ones. Thus, in the blends

compatibilized with the PE-g-MA copolymer con-
taining 0.8 mol % anhydride groups, where a
higher amount of branched macromolecules are

Figure 11 Weight loss of uncompatibilized blends.

Figure 12 Weight loss of blends compatibilized with PE-g-MA containing (a) 0.4 mol
% anhydride groups and (b) 0.8 mol % anhydride groups.
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produced, the lowest biodegradation rate is ob-
served. However, even in this case, the degree of
branching is very small and takes place only in a
small part of the starch macromolecules. In fact,
although starch already contains a high degree of
branched macromolecules (amylopectin), it re-
mains biodegradable.

Another possible explanation for the lower bio-
degradation rate is the finer dispersion of the
PLST component in the LDPE matrix due to the
compatibilization. The connectivity of the PLST
phase is the major factor affecting starch accessi-
bility according to the scalar percolation theory as
applied in LDPE/starch blends.46 This connectiv-
ity is obviously disrupted in compatibilized
blends. Applying the scalar percolation theory in
our case, the critical amount of starch after which
the connectivity starts to increase is around 30 wt
% PLST. Also, due to the finer dispersion, lower
amounts of PLST are placed on the film surface.
Since this is the amount of starch accessible to
microorganisms, larger amounts of PLST inside
the LDPE matrix are protected from biodegrada-
tion. What is important, however, is that this
reduction in the biodegradation rate , when using

the PE-g-MA copolymer as the compatibilizer, is
not significant, and this is an additional advan-
tage of this particular compatibilizer.

To determine the source of the weight loss, the
biodegraded samples were studied by SEM. The
microphotographs for the uncompatibilized blend
containing 30 wt % PLST for different exposure
times are shown in Figure 13. Before the micro-
bial attack, the surface of the film is clear and
homogeneous. After 2 weeks [Fig. 13(b)] exposure,
some holes appear and the boundaries between
the PLST phases and the LDPE matrix are be-
coming clear. The consumption of the starch is
continued during the 6th week, and by the 8th
week, relatively large holes appear, suggesting
extensive starch consumption. These microphoto-
graphs prove that starch is the main carbon
source for the microorganisms while the LDPE
matrix remains unaffected.

From the molecular weight measurements af-
ter soil burial on similar LDPE blends, it was
found that LDPE remains unaffected.47 This hap-
pens because the molecular weight of the LDPE
macromolecules is several hundred thousands,
whereas microbes can primarily act on the edges

Figure 13 SEM microphotographs of a 70:30 LDPE/PLST blend during exposure in
activated sludge after (a) 0 weeks, (b) 2 weeks, (c) 6 weeks, and (d) 8 weeks of exposure.
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of the macromolecules and can consume macro-
molecules with a molecular weight up to 450.
However, it has been reported that higher molec-
ular weight ethylene oligomers with molecular
weights of 540, 740, and 1140 can be degraded
when they are blended with starch.48 This is ev-
idence that the consumption of starch and the
holes that are created increase the surface of the
LDPE, and as a result, the microorganisms can
attack the LDPE matrix more easily, creating

favorable conditions for the consumption of poly-
ethylene oligomers.

The lower biodegradation rate that the com-
patibilized blends show is very difficult to be de-
tected by SEM microphotographs as can be seen
in Figure 14. The only difference with the uncom-
patibilized blends is the smaller size of the holes.
This is due to the fact that, as the morphology
study has shown, in the compatibilized blends the
PLST phase size is smaller.

Figure 15 Tensile strength of uncompatibilized blends during exposure in activated
sludge.

Figure 14 SEM microphotographs during exposure in activated sludge of a compati-
bilized 70:30 LDPE/PLST blend with PE-g-MA containing (a) 0.4 mol % anhydride
groups and (b) 0.8 mol % anhydride groups.

1518 BIKIARIS AND PANAYIOTOU



Because of the holes created on the surface of
the films by starch consumption, the mechanical
properties of the material decrease with the bio-
degradation time. Indeed, such a decrease is ob-
served in the tensile strength (Fig. 15) as well as
in the elongation at break (Fig. 16).

The decrease in tensile strength is larger in
blends containing 20 and 30 wt % PLST and it
becomes more evident with the exposure time.
This is in accordance with weight-loss measure-

ments which show greater weight losses for these
particular blends. In lower amounts of PLST, the
tensile strength remains essentially unaffected.

The elongation-at-break properties during the
exposure time show a different trend. In this case,
a high decrease appears in the blends with the
smaller PLST amounts (10 and 15 wt %). In the
blend with 5 wt % PLST, the starch consumption
is too small for any decrease in the mechanical
properties to be detectable. Also, in the blends

Table II Variation of Tensile Strength of Compatibilized Blends During Exposure Time
in Activated Sludge

Time
(Weeks)

Tensile Strength (MPa)

Compatibilized Blends with PE-g-MA
0.4 mol %

Compatibilized Blends with PE-g-MA
0.8 mol %

PLST (wt %) PLST (wt %)

5 10 15 20 30 5 10 15 20 30

0 8.28 8.19 8.10 7.96 7.92 8.26 8.31 8.47 8.44 8.43
2 8.29 7.96 8.01 7.94 7.73 8.22 8.24 8.33 8.27 8.18
4 8.35 7.90 7.87 7.83 7.37 8.09 8.14 8.09 8.17 8.05
6 8.23 7.84 7.76 7.60 7.42 8.19 8.13 8.03 7.89 7.96
8 8.12 7.86 7.74 7.49 7.11 8.13 8.09 8.07 7.84 7.86

Figure 16 Elongation at break of uncompatibilized blends during exposure in acti-
vated sludge.
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with 20 and 30 wt % PLST, where the starch
consumption is very high, the decrease in the
elongation at break is very small. This arises
mainly from the very low elongation at break that
these blends have and, thus, the variation is very
difficult to detect. A similar trend in the variation
of the mechanical properties is also observed in
the compatibilized blends, as shown in Tables II
and III.

CONCLUSIONS

In the present study, it has been shown that
LDPE/PLST blends containing high amounts of
PLST (up to 30 wt %), which retain to a great
extent the tensile strength of LDPE, can be pre-
pared. This is possible by using the PE-g-MA co-
polymer as a compatibilizer. In fact, the blends
compatibilized with PE-g-MA containing 0.8 mol
% anhydride groups have the same tensile
strength as that of pure LDPE. Another impor-
tant finding is that this compatibilizer does not
affect to a great extent the biodegradation rate of
the material. However, the production of blown
films from such blends requires a high elongation
at break. The branched and crosslinked macro-
molecules that were produced during the com-
batibilization reaction had a negative effect upon
the elongation at break. A possible way to over-
come this problem could be the addition of an
elastomer along with the compatibilizer. A com-
bination of the two compatibilizers could produce
blends containing high amounts of plasticized

starch and also retaining satisfactory mechanical
properties for blown-film production.

The authors are thankful to Drs. M. Botev and C.
Betchev for their assistance in the DMTA measure-
ments.
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