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ABSTRACT: Low-density polyethylene (LDPE) samples filled with three commercial
biodegradable additives (Mater-Bi, Cornplast, and Bioefect) have been subjected to an
accelerated soil burial test in a culture oven for 1 year. By means of Differential
Scanning Calorimetry (DSC), the effect of the degradation in soil in the samples
morphology has been analyzed, in terms of their melting temperature, their crystalline
content, and their lamellar thickness distribution. These morphological parameters
evolve in different stages, depending on the additive used. It has been found that the
LDPE-Mater-Bi samples are the ones exhibiting faster changes in their crystalline
content. However, the LDPE blends with Cornplast and Bioefect display more signifi-
cant changes in their lamellar thickness distribution. © 2002 John Wiley & Sons, Inc. J Appl

Polym Sci 83: 1683-1691, 2002
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INTRODUCTION

Biodegradability of polymers is determined by
their chemical structure and their morphology. In
the case of polyethylene, its hydrophobicity and
its large molecular size make this synthetic poly-
mer quite resistant to biodegradation.

However, polyethylene with enhanced biode-
gradability can be obtained by simply incorporat-
ing during processing, additives containing
readily degradable natural polymers. Nowadays,
several biodegradable additives containing starch
either in its granular or in its gelatinized form are
commercialized for this purpose.™®

A thorough characterization and knowledge of
the degradation process of these polyethylenes
are necessary before suggesting viable applica-
tions for such materials. These must be designed
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both to behave as expected during the service life
of the product and, after its use, to degrade
through the action of micro-organisms for a rea-
sonable period of time without polluting the en-
vironment.

The degradation mechanism of the biodegrad-
able polyethylenes is complex, because their en-
vironmental degradation results from the inter-
action of different oxidative processes, both biotic
and abiotic.? 1% The analysis of the morphological
changes can bring information on the microstruc-
tural changes underwent by the polymeric ma-
trix. In this sense, Differential Scanning Calorim-
etry (DSC) can be considered a very useful tech-
nique, because it allows studying in detail
polymer morphology. By means of this technique,
changes in crystallinity and the lamellar thick-
ness distribution of polymeric samples during
their degradation process can be analyzed.

The objective of this work is to analyze by Dif-
ferential Scanning Calorimetry the changes in
the morphology of LDPE samples filled with dif-
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ferent biodegradable additives when subjected to
an accelerated soil burial test.

EXPERIMENTAL

Materials

Low-density polyethylene (LDPE) 710 from Dow
Chemical (Spain), previously characterized by In-
frared Spectroscopy and Size-Exclusion Chroma-
tography,'”!® was blended with three types of
commercial biodegradable additives.

The additives used are marketed under the
Mater-Bi, Cornplast, and Bioefect trademarks.

Mater-Bi AF05H was supplied by Novamont
North America (USA). It is a starch-based addi-
tive that contains thermoplastic starch heavily
complexed with ethylen—vinyl alcohol (EVOH) co-
polymers.?

Cornplast is made up of polyethylene and a
product containing starch. It is produced by the
National Corn Grower Association (NCGA, USA).

Bioefect 72000, from Proquimaq Color, S.L.
(Spain), combines starch and other additives. Cal-
orimetric results reported in a previous work re-
veal the presence of polyethylene in this addi-
tive.?

Samples

Homogeneous mixtures with 50/50% by weight of
LDPE with each of these biodegradable additives
were initially prepared from the melt in a Bra-
bender Plasti-Corder PL 2100 rheometer. These
mixtures were afterwards cut as nut coal and
reprocessed as rectangular bars (68 X 12 X 1.8
mm) by compression molding using a model M
Carver press. Samples of pure LDPE have also
been prepared to be used as control materials.

Soil Burial Test

All the samples have been subjected to an accel-
erated soil burial test, according to the DIN 53739
International Norm.?°

Samples have been buried in biologically active
soil contained in rectangular plastic boxes, which
are kept opened to ensure a fresh oxygen supply.
A 20-mesh stainless wire cloth has been placed all
along the box perimeter to ensure good ventila-
tion of the soil.?!

The soil used in these tests is a 50/50% (by
weight) mixture of a soil extract picked up from a
culture field in Alginet (Valencia, Spain), and a
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Figure 1 DSC thermograms of pure LDPE as a func-
tion of the exposure time in soil.

soil typically used in tree-nurseries for pines
growth.?2

The biodegradation test was carried out in a
HERAEUS B12 culture oven at a constant tem-
perature of 28 * 0.5°C, periodically controlling
the pH and the water content of the soil. Samples
were removed after 20 days, 2 months, and every
2 months up to 1 year of exposure. The controls
were only removed at the end of the test.

Differential Scanning Calorimetry (DSC)

The DSC measurements were carried out with a
Perkin-Elmer DSC-4 calorimeter, previously cal-
ibrated with indium. A total of 5—6 mg of samples
was weighed out in standard aluminium pans.
The sealed pans were scanned at a heating rate of
10°C/min from 0 to 200°C under nitrogen atmo-
sphere. Measurements were repeated until errors
of less than +0.01°C for melting temperatures
and +0.05 for crystalline contents were assured.

RESULTS AND DISCUSSION

Calorimetric analysis has been used to study the
changes in the samples morphology due to degra-
dation in soil, in terms of their melting tempera-
ture, their crystalline content, and their lamellar
thickness distribution. The DSC thermograms of
all the samples have been initially determined as
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Figure 2 DSC thermograms of the LDPE-Mater Bi

samples as a function of the exposure time in soil.

a function of the exposure time in soil. The pure
LDPE control sample displays the typical DSC
thermogram of low-density polyethylene, which
consists in a single endotherm with maximum
around 113°C (Fig.1). This remains practically
unaltered after degrading in soil for 1 year.

All the thermograms of LDPE filled with Ma-
ter-Bi, Cornplast, and Bioefect show one main
endothermic peak (Figs. 2, 3, and 4). For the
LDPE-Mater Bi samples, this endotherm can be
due to LDPE exclusively, because the additive
Mater-Bi does not include polyethylene in its for-
mulation. In contrast, in the case of the samples
with Cornplast and Bioefect, this main peak can
be originated by the carbonated chains of both the
LDPE and the polyethylene contained in these
additives.

The samples of LDPE-Mater Bi and LDPE-
Cornplast also clearly display two small peaks at
higher temperatures than that of polyethylene
(Figs. 2 and 3). Comparing with the DSC thermo-
grams of the pure additives previously deter-
mined in another work,?? these small endotherms
can be assigned to the corresponding additive.

The thermogram of the undegraded sample of
LDPE-Bioefect exhibits, near to the polyethylene
endotherm, a wide peak around 125°C that can be
attributed to the additive (Fig. 4), because such is
the typical range of pure Bioefect contributions as
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Figure 3 DSC thermograms of the LDPE—Cornplast
samples as a function of the exposure time in soil.

shown in a previous work.'® However, the degraded
samples of LDPE—Bioefect present one single endo-
therm in which the contributions of the two compo-
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Figure 4 DSC thermograms of the LDPE-Bioefect
samples as a function of the exposure time in soil.
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Table I Melting Temperature of the Main
Endotherm, T, for Each of the Undegraded
Samples

Sample T, (°C)
LDPE 113.55
LDPE-Mater Bi 112.63
LDPE-Cornplast 112.38
LDPE-Bioeffect 111.26

nents of the blend must be summed. Thus, the con-
tributions of the polyethylene and the additive can-
not be distinguished in the samples with Bioefect.
This could indicate that the blends prepared with
Bioefect are more homogeneous than the blends
prepared with Mater-Bi and Cornplast, despite hav-
ing used the same mixing and preparation proce-
dures in all cases.

On the other hand, from Figures 2, 3, and 4 it
is observed that changes during degradation are
different, depending on the additive used. In the
LDPE-Mater Bi blends, the modifications affect
the additive rather than the main endotherm,
which shape and location are barely modified
(Fig. 2). However, in the LDPE-Cornplast and
LDPE-Bioefect blends, a gradual broadening of
the main endotherm occurs, together with a seg-
regation in different crystallite sizes (Figs. 3 and 4).

Melting Temperature

The melting temperature of the main endotherm
in all the samples has been directly determined
from the thermograms. The values obtained for
the undegraded samples are listed in Table I.

In general, a slight decrease in the melting
temperature of the main endotherm in the unde-
graded blends compared to that of pure LDPE has
been found. The biggest decrease in the melting
temperature is exhibited by the LDPE-Bioefect
blend. This result could contribute to confirm the
above-proposed hypothesis of a greater homoge-
neity of the blends with the additive Bioefect.

On the other hand, the melting temperature
has been plotted against the exposure time for
each blend (Fig. 5). It is noted that although this
parameter scarcely changes during the soil burial
test, results are accurate enough to appreciate
significant tendencies.

From Figure 5 it is observed that the evolution
of the melting temperature in the blends takes
place generally in different stages. Nevertheless,
the tendency is different for each additive, sug-

gesting that LDPE is quite affected by the nature
of the additive used. It has been found that, in
general, such evolution can be fitted to polyno-
mial equations. Similar results have been ob-
tained by Hamid et al. for the evolution of the
elongation at break with the exposure time of
LDPE films subjected to weathering.?*?®

On the other hand, these results are in good
agreement with the idea proposed by Albertsson
et al.?? that degradation is a complex process
consisting of various stages that evolve differ-
ently in time depending on the additive.

Crystalline Content

The total crystalline content of the pure LDPE
controls has been calculated according to the fol-
lowing equation:

_(H,—H)

T (1)

where, H, and H, are the enthalpies in the melt

state and the crystalline state, respectively. Their
difference is directly obtained from the thermo-
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Figure 5 Variation with the exposure time of the
melting temperature of the main endotherm for (a) the
LDPE-Mater Bi samples, (b) the LDPE-Cornplast
samples, and (c) the LDPE—Bioefect samples. Polyno-
mial fit: (a) y = 0.0059.x> — 0.0999.x> + 0.4198.x
+ 112.69 (#* = 0.9560); (b) y = 0.0033.x> — 0.0619.x>
+ 0.4764.x + 112.37 (72 = 0.99998); (c) y = —0.0043 .x3
— 0.0554.x% + 0.0751.x + 111.63 (> = 0.9042).
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Figure 6 Peaks separation for the DSC thermogram
of the undergraded LDPE-Mater Bi sample, for the
application of the method of calculation of partial ar-
eas. — DSC thermogram, - - - DSC thermogram after
the peaks separation.

gram. H,, is the change in the melting enthalpy of
a perfect crystal of infinite size. For polyethylene,
H,, = 70 cal/g.?®

It has been found a crystallinity of 48% for pure
LDPE, both before and after the soil burial test.

Method of Partial Areas

To study the evolution of the crystalline content of
the carbonated chains of polyethylene and the
additive separately during the degradation pro-
cess, a method of calculation of partial areas has
been applied.

Such a method is based on the determination of
the main peak of the thermogram including the
melt of crystals from all the polyethylenes, and
the different characteristic peaks of the additives,
and the later subtraction of all the other contri-
butions (Fig. 6). The contributions due to the melt
of the less perfect crystals of polyethylene and
those made up of thinner lamellae are then not
considered in the area assigned to polyethylene.
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Figure 7 LDPE-Mater Bi samples. Normalized par-
tial areas of (a) polyethylene and (b) Mater Bi as a
function of the degradation time in soil. Polynomial fit:
(a) y = 0.0139.x% — 0.1028.x + 1.1329 (»* = 0.8689; (b)
y = 0.0059.x> — 0.1907.x + 1.2295 (r* = 0.9191).

4 4
I
£ 3
i =
B 3 3
N B
: -
5 2 E 2
c o
@ 1= .
5 I 4 Tk
o o E |
R S et N
[ 5 L2
> Q
3 o
=0 0

24 [ 4 8 12 18 20 24

4 8 12 16 20
exposure time (months) exposure time {months}

@ ®)
Figure 8 LDPE-Cornplast samples. Normalized par-
tial areas of (a) polyethylene and (b) Cornplast as a
function of the degradation time in soil. Polynomial fit:
(a)y = 0.0061.x> — 0.0391.x + 0.9381 (2 = 0.8700); (b)
y = —0.0499.x% + 0.3715.x + 0.9697 (r* = 0.9768).

After the peaks separation, the area of each
peak is calculated. This area is directly propor-
tional to the heat flow necessary for the melt of
this crystalline fraction. It can also be assumed
that this heat flow is, in turn, directly propor-
tional to the crystalline content, X.

Figures 7, 8, and 9 show the variation with the
exposure time of the normalized partial areas
(with respect to that of the corresponding unde-
graded blend) of polyethylene and the additive for
each sample.

Concerning the areas of polyethylene, a com-
mon tendency to increase with the degradation
time in soil is observed for all the blends, regard-
less of the additive used [Figs. 7(a), 8(a), and 9].

All the samples display an initial stage in
which the crystallinity of polyethylene is kept
basically constant. In semicrystalline polymers,
degradation starts in the amorphous phase and in
the interfacial regions, in which oxygen is solu-
ble.2”28 Thus, this period could be assigned to the
first stages of the degradation process, when the
amorphous chains start to degrade and the crys-
talline phase still remains unaltered.

polyethylene normalized are

0 4 8 12 16 20 24
exposure time (months}
Figure 9 LDPE-Bioefect samples. Normalized par-
tial areas of polyethylene as a function of the degrada-
tion time in soil. Polynomial fit: y 0.0031.x% — 0.0019.x
+ 0.9718 (r* = 0.9665).
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However, when degradation of the amorphous
chains is significant enough, an increase of the
crystalline content is produced, as it is observed
in this case. These results agree with those re-
ported by other authors.!329-31

On the other hand, Hawkins suggests that the
crystalline content of a semicrystalline polymer is
conditioned by the amorphous phase that re-
stricts the crystallization process.>? A scission of
the molecules of the amorphous regions, caused
for example by oxidation, allows the crystalliza-
tion to proceed to a higher extent. Such an in-
crease in crystallinity could be then considered as
a degradation sign.

In this case, crystallinity increases faster for
the LDPE-Mater Bi samples than for the blends
with Cornplast. The LDPE-Bioefect blends are
the ones for which crystallinity increases at a
slowest rate. These results indicate that degrada-
tion proceeds faster for the LDPE-Mater Bi sam-
ples.

On the other hand, it has been found that the
evolution with the degradation time of the main
crystalline content of polyethylene can also be
adequately represented by parabolic equations.

The analysis of the peaks of the additives has
only been carried out for Mater-Bi and Cornplast,
whose contributions in the blends are more
clearly separated from that of the main endo-
therm.

For these two additives it has only been stud-
ied the evolution with the exposure time of the
areas corresponding to their peaks at higher tem-
peratures than the main endotherm, because they
are the ones persisting during all the degradation
test [Figs. 7(b) and 8(b)]. As it can be observed
from the DSC thermograms, the peaks of Mater-
Bi and Cornplast at lower temperatures are re-
duced progressively, until disappearing (Figs. 2
and 3). For that reason, the areas of these peaks
have not been analyzed.

Both Mater-Bi and Cornplast display different
evolutions of their normalized partial areas dur-
ing degradation in soil. Although for Mater-Bi a
continuous increase is observed, Cornplast exhib-
its an initial increase followed by a later decrease.
This reduction could be partly due to the progres-
sive overlapping with the main endotherm, as-
signed to polyethylene (Fig. 3).

Lamellar Thickness Distribution

The lamellar thickness distribution of polyethyl-
ene in each sample has been determined accord-
ing to the procedure proposed by Eder.33

Table IT Values of the Parameters 79,3 o,
and Ah,,,*® of the Thomson Equation
for Polyethylene

Parameter Polyethylene
T° (K) 414.6
o, J-m 2 60.9 X 103
Ah,, (J-m™3) 2.88 x 10®

Eder considers that the flow rate of the heat of
fusion at a given temperature, determined by the
deflection of the DSC trace from the baseline, is
directly proportional to the fraction of lamellae
with this melting point.

The Thomson equation gives the relationship
between the lamella thickness, /, and the melting
temperature of lamellae of thickness I:

20,
) (2)

— 0. —
T, =T (1 Aho1

where T, is the melting temperature of lamellae
of thickness /; T°,, is the equilibrium melting
temperature of an infinite crystal; o, is the sur-
face free energy of the basal plane; Ak, is the
enthalpy of fusion per unit volume; and [ is the
lamellae thickness.

The values of these parameters for polyethyl-
ene are listed in Table II.

According to this equation, Eder assumes that
at a given temperature for a sample of molten
polymer, the rate of heat consumption is propor-
tional to the fraction of lamellae whose thickness
is obtained with the Thomson equation.

Thus, the plot of the normalized deflection
against lamella thickness, /, corresponding to the
temperature, T, as calculated from the Thomson
equation, yields the distribution curve of lamellae
thicknesses.

Pure LDPE shows a relatively narrow lamellar
thickness distribution, ranging between 15 and
80 A, with a maximum at about 62 A (Fig. 10).
The presence of Mater-Bi or Cornplast does not
affect in general the distribution of the LDPE in
the undegraded blends with these additives (Figs.
11 and 12). However, the undegraded blend with
Bioefect displays a slightly narrower distribution
than that of pure LDPE (Fig. 13). This result
could as well support the idea of a greater homo-
geneity of the blends with Bioefect, suggested pre-
viously.

Pure LDPE does not undergo any variations in
the shape or in the location of its lamellar thick-
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Figure 10 Lamellar thickness distribution of pure
LDPE as a function of the exposure time in soil.

ness distribution, after being buried for 14
months (Fig. 10). However, significant changes in
the lamellar thickness distribution of polyethyl-
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Figure 11 Lamellar thickness distribution of poly-
ethylene in the LDPE-Mater-Bi samples as a function
of the exposure time in soil.
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Figure 12 Lamellar thickness distribution of poly-
ethylene in the LDPE—Cornplast samples as a function
of the exposure time in soil.

ene in the blends are observed during the soil
burial test. The variation of the distributions with
the degradation time depends on the type of ad-
ditive used.

In the LDPE-Mater Bi samples, only small
changes throughout the degradation process are
noted (Fig. 11). These basically consist in succes-
sive broadenings and narrowings. During the first
6 months of exposure, a slight broadening of the
distribution is observed, followed by a later ten-
dency to become narrower.

On the other hand, the evolution underwent by
the lamellar thickness distribution of the LDPE—
Cornplast samples reveal a more complex behav-
iour of these materials during degradation (Fig.
12). In a first stage, taking place during the first
2 months of exposure, the distribution tends to
become more homogeneous. As a result, the main
endotherm is better defined. Between the 4 and 6
months of degradation, a segregation of the crys-
tallite sizes is observed. This phenomenon indi-
cates a rearrangement of the crystalline phase,
maybe promoted by the diffusion of the chains of
the interspherulitic zone to the crystalline region.
The last stage begins at the eighth month of ex-
posure, when the distribution tends again to ho-
mogeneity. The overall result of this evolution is a
broader distribution than that of the undegraded
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Figure 13 Lamellar thickness distribution of poly-
ethylene in the LDPE—-Bioefect samples as a function of
the exposure time in soil.

blend, with maximum at slightly higher thick-
nesses.

Probably the homogeneity and the segregation
of the crystallite sizes are competitive processes
that occur simultaneously during degradation.
The fact that the effects of one of these processes
are more clearly manifested during a period of
time indicates that this phenomenon prevails
over the other in this period. This confirms that
degradation is a complex process into which are
involved a great variety of molecular mecha-
nisms.

The LDPE-Bioefect samples also display a
complex evolution of their lamellar thickness dis-
tribution during degradation in soil (Fig. 13).
During the first 2 months of the test, the distri-
bution shifts to higher ticknesses. Since then, ho-
mogeneity and segregation of the crystallite sizes
combine, although do not clearly display the pre-
dominance of one effect over the other, as it oc-
curred for the LDPE—Cornplast samples.

In the LDPE—Bioefect blends, the segregation
process is more clearly manifested than in the
case of the blends with Cornplast. This could be
due to the better affinity of the additive Bioefect
with the LDPE. The gradual degradation of the
additive could provoke a rearrangement of the
crystalline phase of polyethylene that leads to the

formation of crystallites of different sizes. In the
same way, the presence of Bioefect could hinder
the recrystallization process predicted by
Hawkins,?? which contributes to more homoge-
neous lamellar thicknesses.

CONCLUSIONS

The evolution of the morphological parameters
studied in this work takes place generally in dif-
ferent stages. In the case of the melting temper-
ature and crystallinity, their evolution can be fit-
ted to polynomial equations, and it occurs at dif-
ferent time scales depending on the additive used.
This indicates that degradation is a complex pro-
cess consisting of various stages that combines in
time depending on the additive. These results
agree with the different degradation rates ob-
served by Albertsson et al.

On the other hand, the variation of the lamel-
lar thickness distributions of polyethylene with
the degradation time indicates a more complex
behaviour of the LDPE—Cornplast and LDPE-
Bioefect samples during the degradation process.
In both blends, a tendency towards homogeneity
and segregation of the crystallite sizes of the ma-
trix takes place.

It can also be concluded that among the three
blends studied, the LDPE-Mater Bi samples are
the ones degrading more rapidly, as shown by
their faster increase of crystallinity. However, the
small changes underwent by the lamellar thick-
ness distribution of polyethylene indicates that
degradation little affects the polymeric matrix.

Cornplast and Bioefect cause bigger changes in
the matrix than Mater-Bi, as proven by the more
significant changes undergone by the lamellar
thickness distribution of polyethylene in the LD-
PE—Cornplast and LDPE—Bioefect blends.
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