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Abstract

Plastic formulations containing up to 40% starch were prepared and blown into thin films using extrusion methods.
Extruded films were evaluated for their biodegradability by exposing them to a consortium of starch degrading
bacteria in the laboratory for 45 days and in the ‘La Silla’ river located in Monterrey, N.L. Mexico for up to 60 days.
Biodegradability was assessed by measuring changes in weight loss and chemical composition of the films using
Fourier transform infrared (FTIR) spectroscopy. While little or no degradation was apparent in control films made
up of 100% low density polyethylene (LDPE) or 100% poly-(ethylene-co-acrylic acid) (EAA), most of the starch
was depleted in starch-containing films exposed in the river. Starch degradation in films exposed to amylolytic
bacteria in the laboratory was relatively slower. Also, increasing the amount of EAA from 25% to 50% substantially

reduced starch depletion in these films.

Abbreviations: FTIR — Fourier transform infrared; LDPE - low density poly-(ethylene); EAA — poly-(ethylene-

co-acrylic acid); SEM — Scanning electron microscopy

Introduction

Commnstarch is an inexpensive raw material derived from
a renewable agricultural commodity. Because corn-
starch is naturally biodegradable and has potentially
useful thermoplastic properties, efforts are underway
to utilize it as a replacement for petroleum-derived syn-
thetic materials (Otey et al. 1977; Swansonet al. 1993),
particularly in plastic articles for non-food consumer
applications (Koch & Ropper 1989; Ropper & Koch
1988). Extrusion and injection molding methods have
been used to blend starch with a variety of synthetic
(Otey & Westhoff 1982; Jasberg et al. 1992 ) and oth-

* The mention of firms names or trade products does not imply
that they are endorsed or recommended by the U. S. Department of
Agriculture over the firms or similar products not mentioned. All
programs and services of the U. S. Department of Agriculture are
offered on a nondiscriminatory basis without regard to race, color,
national origin, religion, sex, marital status, or handicap.

er renewable polymers (Ramsey et al. 1993; Shogren
1994). Factors such as the amount of starch, plasticiz-
ers, binders and processing methods used for incor-
porating starch into plastics can influence both their
mechanical properties as well as their accessibility to
microbial attack (Fanta et al. 1992; Imam et al. 1993;
Shogren et al. 1991, 1992; Snug & Nikolov 1992).
Besides developing methods to detect starch degrada-
tion, efforts are also underway to achieve more effi-
cient starch degradation in plastics (Burgess-Cassler
et al. 1994; Imam et al. 1991, 1992, 1993, 1994;
Imam and Harry-O’Kuru 1991). In keeping pace with
its socio-economic developments, Mexico has inadver-
tently inherited a plastic litter problem of considerable
magnitude. One approach to resolve this problem is
to incorporate potentially biodegradable materials into
plastics. Conceivably, once biodegradable materials
have been depleted, the remnants of the plastic will
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be reduced into smaller pieces or fragments, hopefully
easing the litter problem or making it more manage-
able for disposal. In this report we describe our efforts
to incorporate cornstarch into plastics and to test their
biodegradability in the laboratory by amylolytic bac-
teria as well as in the natural aquatic environment.

Materials and methods

Plastics.

Plastic films used in this study were prepared by
the semi-dry method described by Otey and Westhoff
(1982). Briefly, gelatinized cornstarch containing urea
was mixed with a hot melted mixture of EAA and/or PE
and extruded through a Brabender Plasticorder (model
PC 200) equipped with a blow die.

Experimental location, sample preparation and
sampling procedure

For biodegradation studies experiments were carried
out between May 12 and July 26 of 1993 in the La Sil-
la river located in La Pastora Zoo in Monterrey, Nuevo
Leon, Mexico. The location was chosen because it
offered a stable ecosystem with limited access to the
general public and was in reasonable proximity to the
laboratory. Approximately 5 x 5 cm pieces of each
plastic were cut and weighed. Pieces were individually
sandwiched between 7.5 cm 2 sections of polypropy-
lene grid and laced around the edges with color coded
nylon twine. Following the protocol described ear-
lier (Imam et al. 1992) grids were suspended in a
polypropylene basket and submerged in the river. A
total of four plastic specimens per basket were sus-
pended in triplicate for each time point. Three baskets
were retrieved at each sampling day. Samples were
collected on days 10, 24, 38, 48, and 60 and placed
in a large plastic bag containing water from the site
to avoid dehydration, and transported to the lab for
further processing. Samples of each film in duplicate
were carefully rinsed with distilled water to remove
material accumulated on the surface. Specimens were
air-dried at room temperature (24°C) for 5 days and
weighed to determine the weight loss. For laboratory
testing, a consortium consisting of several amylolytic
bacteria designated as LD76 was used according to the
method described by Gould et al. (1990) and samples
were collected on days 5, 15, 30 and 45.

Table 1. Plastic formulations and physical properties.

Formulation LDPE EAA Starch Urea TS*(MPa) %E*
%®) @ ) %)

Starch-

LDPE-EAA 25 25 40 10 8.43 84.57
Starch-EAA 0 50 40 10 6.64 90.15
LDPE 100 0 0 0 1529 201.40
EAA 0 1100 O 0 1773 234.80

*TS - tensile strength; %E — percent elongation at break.

Mechanical testing

Tensile specimens were equilibrated at 23°C and 50%
relative humidity for 28 days prior to testing. Tests were
conducted on an Instron Universal testing Machine
(Model 4201, Instron Corp., Canton, MA) using a
gage length of 10 mm and a crosshead speed of 20
mm/ min, for tensile measurements.

Fourier transform infrared (FTIR) analyses

KBr pellets of plastic specimens were prepared for
FTIR analysis as described earlier (Gould et al. 1990).
Starch depletion in samples were estimated from FTIR
spectra obtained on a KVB/Analect RFX-75 FTIR
spectrometer.

Scanning electron microscopy (SEM)

Specimens were fixed in 1% glutaraldehyde and dehy-
drated for 10 minutes each in 50, 60, 70, 90 and 100%
ethanol, and mounted on aluminum stubs. Specimens
were sputter coated with gold-palladium and visual-
ized under a JOEL model 1200 EX scanning electron
microscope.

Results and discussion

A total of four films; starch-LDPE-EAA, starch-EAA,
LDPE and EAA were extruded. The composition and
mechanical properties of these films are described in
Table 1. The first two formulations contained 40%
starch (dry weight basis) and 10% urea, whereas the
later two formulations were control LDPE and EAA
films without starch.

While addition of starch to the plastic reduced both
TS and% E of the extruded films (Table 1), physical
properties of these films were, however, still sufficient-
ly suitable for single use applications such as plastic
mulches or grocery bags, etc.
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Figure 2. FTIR spectra of control LDPE and EAA films exposed in river for O days and 60 days.
50 exposed to a consortium of amylolytic bacteria (LD76)
- A in the laboratory, approaching weight losses of only
40 - A 23% by 30 days (Figure 1B). Little or no weight loss
£ T was apparent in control films (100% LDPE or 100%
Té 30 i EAA) exposed for 60 days in the river or when incu-
S 20 bated with amylolytic bacteria in culture flasks for 45
E days (Figures la and 1b). Increasing the amount of
% 10 [ EAA from 25% to 50% (by replacing 25% LDPE) in
= formulations substantially reduced the weight losses in
or these films to only 21% and 12% inriver and laboratory
40 b , , R ) , . . cultures respectively (Figure 1a and 1b).
0 10 20 30 40 50 60 70 FTIR spectra of plastic films composed of pure
50 | LDPE and EAA are shown in Figure 2. The spectrum
40 - B of PE (Figure 2a) exhibited characteristic C-H stretch-
_— A ing bands at 2851 and 2921 cm™!, and a weaker C-H
&3} bending absorbance at 1468 cm~!. In addition a small
a i band at 721 cm ~! was present. The spectrum of EAA
Ja2rf (Figure 2c) was quite similar to PE with the exception
% 10 i [ J ® of a C= O stretching band at 1705 cm ~! and some very
K] 5 minor bands in the fingerprint region. FTIR spectro-
= o scopic analyses of these samples indicated essentially
i no change in the spectra of the control LDPE and EAA
-10 75 10 20 30 20 50 films exposed in the river for 60 days (Figure 2b and
Days 2d respectively). The FTIR spectrum of pure starch,

Figure 1. Weight loss in films exposed in river (a) and laboratory
cultures (b). Starch-LDPE-EAA (&), Starch-EAA (@), LDPE (4),
EAA (O).

The starch-LDPE-EAA films suffered weight loss-
es of about 40% after exposure in the river for 20
days (Figure 1a). Compared to the river environment,
weight losses were considerably less in similar films

on the other hand, exhibited a broad O-H stretching
absorbance centered around 3400 cm~!, a minor C-H
stretching band at 2921 cm™!, and a characteristic set
of strong C-O stretching bands between 960~1190 cm
~1 (Figure 3a). The starch-PE-EAA film exposed to
the river, however, showed drastic reduction in absorp-
tion of peaks corresponding to both the hydroxyl and
fingerprint regions of the spectra contributed mostly
from starch (Figure 3a), indicating that more than 80%
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Figure 3. FTIR spectra of pure cornstarch (a); starch-LDPE-EAA film exposed for 0 days (b) and 60 days (c) in river; starch-EAA film exposed
for 0 days (d) and 60 days (e) in river; and starch-LDPE-EAA film exposed for O days (f) and 45 days (g) to consortium of amylolytic bacteria

in laboratory cultures.

of the starch present in these plastics had been degrad-
ed (Figures 3b and 3c). Again, starch degradation was
comparatively much less in the starch-EAA film with
higher (50%) EAA levels (Figures 3d and 3e). Figures
3f and 3g are spectra of starch-PE-EAA and starch-
EAA films respectively that were incubated for 45
days with amylolytic bacteria and which indicate little
starch depletion relative to the river environment and
comparatively less starch depletion than in films with
50% EAA.

FTIR spectrometric analyses can be used to quan-
tify biodegradation of polymers in composite blends.
Methods have been developed for analyzing solid sam-
ples in KBr by FTIR spectrometry using the Beer-
Lambert law. This KBr method has been shown to be
accurate to < 5% standard error of prediction for starch,
as well as for lipids and proteins (Gordon et al. 1993).
Quantitative FTIR spectrometry measures only the rel-
ative amounts of individual components in a sample.

The relative concentration of starch in starch-PE-EAA
blend is computed from FTIR spectra of samples tak-
en before and after degradation. In starch-PE-EAA
blends, starch is the only component in the plastic
that has significant absorbance in the 900-1190 cm™!
region, thus allowing one to roughly quantitate the loss
of starch relative to plastic by simply integrating total
absorbance over this spectral range. Previously FTIR
has been used to quantify degradation of starch and
polyhydroxybutyrate-co-valerate (Imam et al. 1995).
Also in this report, the weight loss of starch in speci-
mens when obtained gravimetrically and by estimation
from FTIR spectra appears to be quite similar (Table 2).
The calculated standard error for the four formulations
given in Table 2 was 24%. This error was within accept-
able limits considering the fact that PE and EAA losses
were not known or included in the calculation.
Scanning electron microscopy provided further evi-
dence that after exposure in the river for 60 days,
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Figure 4. Scanning electron micrograph showing a control LDPE (A) and starch-LDPE-EAA (B) films after 60 day exposure in river.

Table 2. Quantification of starch from weight-loss data and from
FTIR spectra.

Formulation Weight loss (%)* %FTIR** %A***
RIVER

Starch-LDPE- 41 56 37
EAA (25%)

Starch-EAA 17 8 53
(50%)

LABORATORY

Starch-LDPE- 22 23 5
EAA (25%)

Starch-EAA 12 9 25
(50%)

*Weight loss data from figure 1.

**Calculated % loss from the FTIR absorbances in specimens
exposed in river and in laboratory for 60 days and 45 days, respec-
tively.

*** % A=I(%Weight loss — %FTIR) / % Weight loss | x 100

only starch-PE-EAA films and not LDPE control films
(other films not shown) exhibited considerable surface
deterioration (Figure 4). Furthermore, microbiological

examination of the surfaces exposed in the river indi-
cated no difference in the microbial populations asso-
ciated with control or starch-containing surfaces (data
not shown). The bacteria were among the most pre-
dominant microorganisms associated with these sur-
faces together with occasionally present algae, proto-
zoans and diatoms.

In environmental studies, weight loss due to biotic
and abiotic factors other than biodegradation alone can
not be ruled out with absolute certainty. The blown
films used in this study were prepared by mixing gela-
tinized starch and hot melted PE and EAA together and
extruding at high temperature and compression. From
a processed matrix it is impossible to remove starch
mechanically without removing the PE and EAA as
well. Therefore, the presence of PE and EAA in starch
blends provides an effective built-in control for ver-
ification that the removal of starch was due to the
biodegradation process alone. Earlier studies (Gould
et al. 1990) also showed that starch-containing plastic
films incubated in sterile media (shaken at 125 rpm) for
60 days exhibited little or no change in either weight
or FTIR absorption spectrum, suggesting that leaching
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of materials was not possible due to mechanical action
alone. The FTIR data in this study provides support
for the contention that loss of starch material was due
to biodegradation alone. The FTIR spectra of starch
blends exhibited reduction only in the IR absorption of
bands contributed by starch and not of characteristic
bands of PE and EAA, suggesting that the removal of
starch from the blended matrix was quite selective and
could have been achieved by amylolytic microbes and
their secretory enzymes. Nevertheless, more effective
starch degradation in the natural environment could be
achieved when microbiological processes are accom-
panied by other interacting biological, chemical and
physical processes (Burgess-Cassler et al. 1991, 1994;
Gould et al. 1990; Imam et al. 1992). The absence of
these processes may explain slow starch degradation
under the controlled laboratory environment.

Both weight loss and FTIR data indicated that in
the river more than 80% of the starch in films with
25% EAA had been depleted but starch depletion was
dramatically reduced with increased EAA content of
the plastic. This suggests that EAA somehow inter-
feres with starch accessibility to microorganisms and
their hydrolytic enzymes. In this regard, it has been
suggested by Shogren et al. (1991) and verified by
other investigators (Imam et al. 1993) that amylose in
starch forms V-type exclusion complexes with EAA,
thus making it highly resistant to starch-hydrolyzing
enzymes. This might also explain why some of the
starch in plastic films always remains conserved even
after prolonged exposure to highly biodegrading con-
ditions. Also in this regard, PE has been implicated
in encapsulating starch under certain processing con-
ditions, forming an impermeable barrier to hydrolytic
enzymes (Imam et al. 1994).

Though results clearly indicate that petroleum-
derived polymers do not degrade in the plastic films
studied here, it is encouraging that rapid and apprecia-
ble starch depletion leads to considerable deterioration
of the mechanical properties of these films, leaving
behind a rather week plastic matrix prone to further
physical disruption by a variety of biotic and abiotic
factors. In this regard, Pometto and Lee (1990) have
reported that incorporation of a pro-oxidant in formu-
lations may help initiate chemical oxidation of PE, thus
further accelerating the plastic deterioration process.

While quick and effective environmental degra-
dation of single use consumer articles made from
biodegradable plastics is highly desirable, in many cas-
es, it will be equally advantageous to develop formu-
lations where the onset of biodegradation is delayed or

slowed down to extend the functional life of the mate-
rial. This manuscript provides at least two new sig-
nificant pieces of informations: Firstly, the increased
EAA content in the formulation greatly reduced (or
slowed) starch degradation. Secondly, upon exposure
in the river, natural microbial flora was capable of
degrading starch plastic, thus confirming the environ-
mental usefulness of these blends if discarded in nat-
ural environments. Furthermore, most of the environ-
mental degradation studies on biodegradable plastics
have been limited to cold or temperate climates and
to our knowledge this is the first attempt to evaluate
biogdegradability of such plastics in a natural tropical
environment.
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