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The aerobic biological degradation of the synthetic aliphatic-aromatic co-polyester Ecoflex™ (BASF) by
29 strains of enzyme-producing soil bacteria, fungi and yeasts was investigated at moderate environ-
mental conditions. Previous studies had shown that these materials could be degraded but these studies
were done under thermophilic conditions. In this paper, a screening procedure was developed to assess
the biodegradability of the co-polyester at ambient environmental conditions and to investigate the
mechanism of biodegradation. Results showed that the aliphatic-aromatic co-polyester could be
degraded by a number of different microorganisms. However, after 21 days exposure to even the most
promising cultures of pure microorganisms, only partial degradation of the Ecoflex™ was accomplished
and only a few samples showed visible signs of degradation as loosely defined by the mechanical
weakening of the films. Weight loss was not as obvious as the visual degradation and suggested broader
types of microbial attack. The bacteria studied preferentially degraded the bonds between aliphatic
components of the copolymer and the rate of biodegradation of oligomers was appreciably faster than
that for the polymer chains. Using GC-MS techniques, degradation intermediates were identified to be
the monomers of the co-polyester. Gel permeation chromatography results suggested exo-enzyme type
degradation, where the microbes hydrolysed the ester bonds at the termini of the polymeric chains
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preferentially.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Since their introduction at the beginning of the 20th century,
plastics have revolutionized the materials industry. Properties such
as their malleability, versatility, high chemical resistance and high
volume-to-weight ratio as well as favorable production conditions
compared to other materials such as metals have made plastics an
essential material in almost every major manufacturing industry.
Worldwide production of polymer materials was estimated to be
approximately 150 million tonnes in the mid1990s, with an average
yearly consumption of 80-100 kg per capita in industrialized
countries [1]. An estimated 40% of this total production is discarded
into landfills [2]. In addition, plastic products and derivatives are
now ubiquitous in the natural environment. For example, numer-
ous studies have found plastic debris and particles to be present
in what were considered to be pristine marine environments,
including sediments [3,4].

One of the solutions being proposed to alleviate the pollution
burden caused by plastic production is to design new biodegradable
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polymers targeting specific sectors, such as the plastic film and
packaging industries, which tend to produce materials for one-time
use applications. A number of polymeric materials have been de-
veloped with varying degrees of success [5-7]. Biodegradable
polyesters are one family of polymers that have been considered
as replacements for conventional plastic resins. Aliphatic poly-
esters such as the naturally-occurring polyhydroxyalkanoate family
of materials and the synthetic polycaprolactone have been in-
vestigated as possible alternatives to traditional plastics, but their
material properties seriously affect the versatility of these materials
[2,8,9]. A more promising alternative is an aliphatic-aromatic co-
polyester of 1,4-butanediol, adipic acid and terephthalic acid, which
has been commercialized under the trade names Ecoflex™ and
Eastar Bio™. The co-polyester is produced from the random poly-
merization of the diester oligomers of adipic acid/butanediol, and
terephthalic acid/butanediol.

The degradation of this co-polyester has been investigated
in compost environments or with compost isolates [10,11]. The
experiments with compost isolates were all performed at elevated
temperatures with Thermobifida fusca (known previously as Ther-
momonospora fusca) and a hydrolase isolated from this bacterial
strain. Results from these studies demonstrated rapid degradation
of the co-polyester, with essentially complete degradation having
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been achieved in 21 days in the presence of a readily available
carbon source. However, numerous questions remain unanswered
regarding the degradation of the synthetic co-polyester under more
moderate environmental conditions and with microorganisms
other than thermophiles. This is an important consideration be-
cause it is likely that much of the co-polyester will be disposed
of and degraded under these mesophilic conditions rather than in
compost at elevated temperatures. In addition, it is unclear
whether mechanisms other than hydrolysis are involved in the
degradation of polyesters. It is necessary to characterize the deg-
radation pathway to understand the conditions necessary to make
a material biodegradable. Further studies are therefore needed to
(1) assess the biodegradability of Ecoflex™ under mesophilic con-
ditions and (2) to build an understanding of the mechanisms
involved in the biodegradation of this co-polyester in order to
identify factors that impact on the biodegradability of newly
designed materials. These were the objectives of the present study.

2. Experimental
2.1. Microorganisms: selection, storage and maintenance

A wide variety of microbes were studied including bacteria,
fungi and yeasts. All microbial strains selected are mesophiles and
aerobes, and most of these organisms were isolated from soil. All
microorganisms, unless otherwise indicated, were purchased from
the American Type Culture Collection (ATCC, United States). All
ATCC microbial strains were revived according to ATCC’s recom-
mended procedure and incubated in 500-mL Erlenmeyer shake
flasks fitted with sponge caps containing 100 mL of the recom-
mended growth media, at the recommended temperature, in a
rotary incubator shaker (New Brunswick Scientific, model G-25,
United States). The cultures were subsequently stored at —70 °C in
a low temperature freezer (REVCO, model ULT1386, United States)
in a glycerol/media mixture for a period not exceeding one year. The
microbial strains were stored in 1.5-mL vials (Fisher Scientific,
Montreal, QC) containing a mixture of 20% glycerol (Sigma-Aldrich,
Canada), and 20% YM broth for yeasts and fungi or NB broth for
bacteria (DIFCO brand, Fisher Scientific, Montreal, QC).

2.2. Shake flask and agar plate preparation and incubation

Erlenmeyer shake flasks (500 mL) capped with foam plugs and
containing 100 mL of rich microbiological media were used for the
screening tests. NB broth (8 g/L in distilled water) for bacterial
inocula and YM broth (21 g/L in distilled water) for yeasts and fungi
inocula (both DIFCO brand, Fisher Scientific) were prepared
according to manufacturer specifications. Agar (20 g/L) was added
to the above media to prepare agar plate media. The shake flasks
and agar media were sterilized with saturated steam at 121 °Cin an
autoclave for 30 min. A single sterilized co-polyester film was de-
posited inside each shake flask and on the surface of each agar
plate, and inoculated with 2 mL of microorganism-containing
media.

Additional shake flask experiments were done with mineral
salts medium (MSM) with the following concentration in distilled
water: 4.0 g/[L NH4PO4, 4.0 g/L KH,PO4, 6.0 g/L NayHPO4, 0.2 g/L
MgSO4-7 H,0 (A&C American Chemicals, Montreal QC), 0.01 g/L
CaCly-2 H30, 0.01 g/L FeSO4-7 Hy0, and 0.014 g/L NayEDTA, all
provided by Fisher Scientific (Montreal, QC) unless otherwise
noted. For the experiments with glucose, a 200 g/L stock solution of
glucose (A&C American Chemicals, Montreal, QC) was prepared and
added to the shake flask containing MSM. Agar at a concentration of
20 g/L was added to make plate media.

After inoculation, the shake flasks were incubated at 30 °C and
200 rpm in a rotary shaker for a period of 21 days. Additional shake

flasks experiments were also run for 14 and 35 days. The
100 mm x 15 mm agar plates were incubated in a low temperature
incubator (Fisher Scientific, Model 146A) at 30 °C for 21 days. The
100 mm x 25 mm agar plates were used for cultures incubated for
55 days. All experiments were run in duplicate or triplicate with
a set of abiotic flasks containing sterile media and polymer films.

2.3. Polymer film preparation and weight loss

The aliphatic-aromatic co-polyester Ecoflex™ pellets were
provided by BASF (United States). The polymer films were prepared
using a solvent casting technique. Three to four pellets of co-
polyester were dissolved in 2.5 mL of reagent grade dichloro-
methane (Fisher Scientific, Montreal, QC). Once dissolved, the
mixture was poured into a 2.5-cm aluminum weigh dish and left for
a 24-h period in order to allow the solvent to fully evaporate. The
weight of each individual film was recorded using an electronic
analytical balance (Mettler, model AE160, Fisher Scientific). Abso-
lute weight loss instead of relative weight loss was used to assess
biodegradation since the casting process gave a constant diameter
disk with some variation in thickness. We expected the weight loss
due to biodegradation to be influenced by the surface area exposed
and relative weight loss was thus not appropriate for the small
weight losses measured. Before inoculation, the films were steril-
ized with household bleach (20 mL of bleach in 80 mL of distilled
water), and subsequently rinsed in a beaker containing 300 mL of
sterile distilled water.

After the designated incubation period, the films were removed
from the flasks or agar plates using tweezers and rinsed with tap
water to remove any attached biomass. This was followed by fur-
ther rinsing with distilled water and ethanol. The films were then
allowed to dry at room temperature for a period of 24 h. After the
drying period, the films were weighed using a calibrated electronic
analytical balance to determine their weight after exposure to each
microbial strain. The content of each flask was kept for further
analysis.

2.4. Batch reactor experiments

A batch bioreactor was set-up to study the biodegradation of the
polymer over time and investigate the biological mechanisms in-
volved in the breakdown of the co-polyester. A 2-L New Brunswick
Scientific batch reactor with a Teflon covering was used with 1.5L
of MSM described above, 4-g/L d-glucose (A&C American Chem-
icals, Montreal, QC) and 0.1-g/L yeast extract (DIFCO, United States).
The reactor was fitted with four baffles to ensure better mixing and
prevent the formation of dead zones. Air was bubbled into the
reactor at a rate of 500 mL/min and the inlet and outlet gas streams
were passed through Hepa-Vent 0.2-um inline filters (Fisher Sci-
entific, Montreal, QC) to prevent contamination.

The reactor and media were sterilized with saturated steam at
121 °C for 1 h. A sterile 200-g/L stock solution of glucose was used
to add the appropriate amount of glucose to the reactor after
sterilization to obtain the desired concentration of co-substrate. To
sterilize the co-polyester, 200 g of polymer pellets were mixed with
a laboratory magnetic stirrer (Corning, Model PC-420, from Fisher
Scientific) for 1 h in a solution containing 300 mL of distilled water
and 100 mL of household bleach. The sterilized polymer pellets
were rinsed three times with 300 mL of sterile distilled water and
subsequently inserted inside the reactor 15 min after it was taken
out of the autoclave. The reactor was inoculated with 10 mL of
Bacillus subtilis ATCC 21332 medium from an inoculation flask via
the injection port and left to run at room temperature (22 °C) for
a 30-day period. Twenty-five milliliter samples were taken peri-
odically from the sample port. Twenty milliliters was extracted
using reagent grade ethyl acetate containing an internal standard
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and was analyzed immediately using gas chromatography to follow
the evolution of metabolites. One milliliter was taken for spectro-
photometric analysis to measure optical density of the samples
using a UV spectrophotometer (Varian, Cary 50 Bio). The absor-
bance was measured at a wavelength of 500 nm. Distilled water
was used as the reference.

2.5. Growth media sample analysis

After the termination of the screening and during batch reactor
runs, the growth media were extracted with organic solvents for
further analysis. The entire contents of each flask were poured into
a 250-mL separatory funnel, the pH was reduced by adding 5 drops
of 95-98% reagent grade H,SO4 (Anachemia Science, Montreal, QC)
and this was extracted with 10 mL of reagent grade chloroform or
ethyl acetate (both Fisher Scientific, Montreal, QC). The chloroform
used for the extractions contained pentadecane (A&C American
Chemicals, Montreal, QC) as internal standard. The ethyl acetate
used for the extractions contained myristic acid (Fisher Scientific,
Montreal, QC) as internal standard. The chloroform samples were
injected into the GC. Before GC analysis, the ethyl acetate samples
were derivatized in order to methylate the dicarboxylic acids.
Reagent grade tetramethylammonium hydroxide (TMAH) or trime-
thylphenylammonium hydroxide (TMPAH) (both from Acros Chem-
icals, Canada) was used as specified in the procedure described by
ASTM designation D 5974 - 96.

2.6. Gas chromatography (GC)

A Varian CP-3800 gas chromatograph with an FID detector and
Sil 5CB 15 m x 0.53 mm column (Varian, St-Laurent, QC) with the
following settings was used: injector temperature of 250 °C, initial
column temperature of 40 °C, a 2-min hold time with a 10 °C ramp
rate to a final temperature of 300 °C, and detector temperature set
at300 °C. A 1-pL volume of extracted sample was injected in the GC
for both the chloroform and derivatized samples.

2.7. Identification of compounds with GC-MS

A gas chromatograph/mass spectrophotometer GC-MS (Thermo
Quest, model TRACE GC 2000/Finnigan POLARIS, equipped with
a RTX-5 MS column (Resteck) with 0.25-mm internal diameter) was
used to identify compounds. The following settings were used:
injector temperature of 275°C, initial column temperature of
40 °C, a 2-min hold time with a 10 °C ramp rate to a final temper-
ature of 300°C, and detector temperature set at 300 °C. The
adipic acid (Fisher Scientific, Montreal, QC) and terephthalic acid
(Sigma-Aldrich, Canada) standards were first methylated using
the derivatization method described above and injected into the
GC-MS for analysis.

2.8. Gel permeation chromatography (GPC)

A GPC (model Waters Breeze HPLC, Milford, MA, USA) was used
to measure the molecular weight distribution of the Ecoflex™ co-
polyester films. The films were dissolved in HPLC grade chloroform
(Fisher Scientific, Montreal, QC) at a concentration of 4 g/L. A
Styragel guard column (4.6 mm x 30 mm) and three Styragel HR
columns (Styragel HR4, Styragel HR3, and Styragel HR1 with ef-
fective molecular weight ranges of 600 000-5000, 500-20 000, and
100-5000 g/mol, respectively, 4.6 mm ID x 300 mm, Waters,
United States) were used for the analysis. The samples were run in
the GPC with the following settings: injection volume of 10.0 pL,
flow rate of 0.3 mL/min, and a temperature of 35 °C. The same set-
up was used for the analysis of polybutylene adipate samples, but
the samples were first dissolved and run in tetrahydrofuran (THF)

(Fisher Scientific, Montreal, QC). The GPC was calibrated using
narrow molecular weight distribution polystyrene standards (Eas-
ical, Waters, Milford, MA, USA). All molecular measurements were
measured relative to these standards. The UV dual wavelength
detector at 255 nm (model Waters 2487, Milford, MA, United
States) was used for Ecoflex™ measurements since the aromatic
groups absorb strongly near this wavelength and the refractive
index (RI) detector (model Waters 2414, Milford, MA, United States)
was used for the polybutylene adipate measurements.

3. Results

The first experiments were conducted to assess aerobic bio-
degradation of the co-polyester under the action of pure cultures of
a variety of microorganisms. The degree of biodegradation was
quantified in terms of weight loss of the polymer films as it un-
derwent degradation in the presence of these microorganisms.
Biodegradation was also qualitatively assessed in terms of visible
evidence of degradation of the polymer films. Visual degradation
was defined as mechanical weakening as observed by the films
being easily torn and thinner than the film before exposure. The
films may have also been thinner due to biofilm growth on the
surfaces. Abiotic controls were used to establish baseline degrada-
tion for comparison. Microorganisms that accomplished the most
biodegradation were selected to identify degradation intermediates
and reaction products. This was done to characterize the degrada-
tion pathway of the co-polyester.

3.1. Biodegradation with various microorganisms

Twenty-nine different bacteria, yeasts and fungi were grown on
various media in the presence of the aliphatic-aromatic co-poly-
ester Ecoflex™. Tables 1 and 2 provide a comparison between the
amounts of weight loss in polymer films of control samples versus
those exposed to pure cultures of various bacteria and fungi and
yeasts over a 21-day period. In most cases, the change in weight of
polymer films was significant relative to the standard deviation and
to the experimental controls. Also, the average weight losses of
samples were specific to each microbial strain. Qualitative assess-
ments of biodegradation by visual inspection was also performed
and demonstrated that certain microorganisms resulted in signif-
icant degradation of the polymer films. Fig. 1 shows the effect of
Paecilomyces lilacinus on a polymer film.

Table 1
Degradation of the polymer films after 21 days of exposure to bacteria at 30 °C

Bacterial strain Average weight Visible

loss (mg) degradation
Control - abiotic 0.0+0.1 No
Control - autoclaved biomass 04+0.1 No
Acinetobacter sp. ATCC 31012 12+0.1 No
Aeromonas sp. ATCC 55641 14+0.1 No
Bacillus sp. ATCC 19385 0.8+0.3 No
Bacillus subtilis ATCC 6051 14+03 Yes
Bacillus subtilis ATCC 21332 2.0+0.1 Yes
Corynebacteria sp. ATCC 21744 0.9+0.1 No
Corynbacteria hydrocarbooxydans ATCC 21767 0.8+0.1 No
Delftia acidovorans soil isolate 1.2+0.2 No
Escheria coli 0.5+0.1 No
Pseudomonas sp. 273 0.6+0.3 No
Pseudomonas aeruginosa PAO1 1.5+0.2 No
Pseudomonas fluorescens ATCC 13525 1.3+0.1 No
Pseudomonas oleovorans ATCC 29347 0.5+0.1 No
Pseudomonas putida ATCC 12633 1.0+0.2 No
Rhodococcus sp. ATCC 29671 0.6 +0.2 No
Rhodococcus erythropolis ATCC 4277 0.6 +0.1 No
Rhodococcus rhodochrous ATCC 13808 0.6 +0.2 No
Streptomyces clavulegirus ATCC 27064 0.9+0.1 No
Sphingobium herbicidovorans ATCC 70029 09+0.1 No
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Table 2
Weight loss of Ecoflex™ polymer films after 21 days of exposure to fungi and yeasts
at30°C

Yeast/fungal strain Average weight Visible
loss (mg) degradation
Control - abiotic 0.0+0.1 No
Aspergillus niger ATCC 16888 0.8+0.2 Yes
Candida bombicola ATCC 22214 1.0+0.0 No
Candida cylindracea ATCC 14830 0.7+0.3 No
Candida tropicalis ATCC 15114 0.8+0.1 No
Paecilomyces lilacinus ATCC 200182 1.9+0.1 Yes
Penicillium pinophilum ATCC 9644 0.5+0.1 Yes
Phanerochaete chrysosporium ATCC 24725 04+0.1 No
Rhodolutra rubra ATCC 9449 0.7 +0.1 No
Trametes versicolor ATCC 12679 0.6+0.1 No
Yarrowia lipolytica ATCC 20390 0.8+0.1 No

3.2. Degradation products

The screening experiments described above established the
relative biodegradability of the co-polyester under the action of
various microorganisms. More detailed studies were done with one
of the most promising biodegraders, i.e. B. subtilis ATCC 21332, to
isolate possible degradation intermediates. The comparison of GC
and GC-MS spectra of the compounds found in the medium after
biodegradation confirmed the presence of adipic acid and smaller
amounts of terephthalic acid. For example, Fig. 2 shows the
concentration of adipic acid which increased over a 30-day period.
The optical density peaked after a few days and rapidly decayed
indicating that biofilm growth was negligible.

The substrate specificity of B. subtilis ATCC 21332 hydrolytic
enzymes was tested on a number of compounds. The three small
esters, tributyrin, dibutyl adipate and dibutyl terephthalate were
all easily degraded. It could also easily degrade the aliphatic poly-
ester, polybutylene adipate. However, it was totally incapable of
degrading a polyester of an aromatic diacid, polybutylene tere-
phthalate. These results demonstrate that B. subtilis can degrade
both aromatic and/or aliphatic ester bonds of diesters, but is in-
capable of degrading the ester bonds of polybutylene terephthalate.

As the co-polyester was biodegraded, it was expected that the
molecular weight distribution of the resultant mixture would be
altered because of the formation of by-products of lower molecular
weights. Gel permeation chromatography (GPC) is a technique that
is widely used to determine the molecular weight distribution of
polymeric materials and, thus, was a means of determining the
nature of any by-products expected in either polymeric or oligo-
meric form. Therefore, samples that indicated visible signs of
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Fig. 2. Plot of adipic acid released over time in solution of a batch reactor containing
Ecoflex™ polymer in abiotic media (/) and in the presence of B. subtilis 21332 ().
Optical density for the biotic sample is also shown (o).

degradation and highest weight loss were examined by GPC. Fig. 3
shows a GPC chromatogram arising from an Ecoflex™ sample ex-
posed to B. subtilis and another arising from an abiotic sample.
Similar chromatograms were obtained for P. lilacinus and Penicil-
lium pinophilum. These results show the disappearance of lower
molecular weight polymer molecules after exposure to the selected
microorganism. Table 3 summarizes average molecular weights
(given as the number average molecular weight, M, and the weight
average molecular weight,M,y) of EcoFlex™ co-polyester films ex-
posed to abiotic media and the organisms B. subtilis, P. lilacinus and
P. pinophilum. Fig. 4 shows GPC chromatograms for a sample of an
aliphatic polyester, poly(butylene adipate), exposed to P. pinophi-
lum and that of an abiotic sample. The chromatogram shows the
presence of degradation products of lower molecular weight. This is
suggestive of an endo-type degradation mechanism for the hy-
drolysis of polybutylene adipate by P. pinophilum. None of the
chromatograms of the samples exposed to other microorganisms
tested, namely B. subitlis or P. pinophilum, showed lower molecular
weight degradation products.

4. Discussion
4.1. Biodegradability by mesophilic microorganisms

The results of the measurements of weight loss shown in Tables
1 and 2 demonstrated that most of the mesophilic microbes tested

Fig. 1. Polymer films after 21 days at 30 °C: abiotic control (left) and exposed to P. lilacinus (right).
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Fig. 3. Normalized GPC chromatograms of an (a) abiotic sample of Ecoflex™ and (b)
a sample exposed to B. subtilis.

were able to cause at least some degradation of the polyester films.
However, only two bacterial strains of B. subtilis were able to cause
visible breakdown of the films. Some of these strains were able to
form biofilms as exhibited by their growth over the polymer films
during the incubation period. Of these, Aspergillus niger, P. lilacinus,
Phanerochaete chrysosporium and P. pinophilum formed relatively
thick biomass conglomerates on the polymer films and three
of these also caused appreciable visible degradation of the films
(e.g. Fig. 1). It is important to note that visible degradation was
not necessarily the most important evidence of degradation, as
indicated in cases where several of the strains caused significant
weight loss without creating visible effects. Overall, it can be con-
cluded that most of the microbes tested caused some degradation
of the polymer, but none of the 29 microorganisms studied were
able to cause extensive amounts of biodegradation during the
21-day period of the experiments.

The results shown in Table 1 and 2 suggest that aliphatic—
aromatic co-polyesters such as Ecoflex™ could be biodegraded in
the environment even at moderate conditions. These data also
show that the rates of degradation of this co-polyester at moderate
conditions were slow compared to those observed by Witt et al.,
who showed complete biodegradation of the co-polyester after 21
days by T. fusca [11]. Several factors can be cited to account for the
differences in biodegradation rates observed here relative to the
earlier study. Firstly, in previous studies of the effect of temperature
on the degradation of aliphatic polyesters, it was shown that both
the abiotic and biotic rates of degradation increase with an increase

Table 3

Molecular weights recorded at two elution times of Ecoflex™ co-polyester films that
had been exposed to abiotic media and the organisms Bacillus subtilis, Paecilomyces
lilacinus and Penicillium pinophilum for a 21-day period at 30 °C

Elution time
from 21 to 36 min

Elution time
from 22 to 28 min

Microorganism

Mn My My M, My My
(kg/mol) (kg/mol) M, (kg/mol) (kg/mol) M,
Control - abiotic 76.6 1331 174 713 131.9 1.85
Bacillus subtilis 75.3 1313 174 69.0 129.9 1.88
Paecilomyces lilacinus ~ 77.8 147.5 190 719 146.0 2.03
Penicillium pinophilum  75.9 135.5 178 705 1341 1.90

M, and My, correspond to the number average and the weight average molecular
weights, respectively.

in temperature [12]. Similar results have been reported by Marten
et al. on a series of low molecular weight esters and aliphatic-
aromatic polyesters [13,14]. Therefore, the higher temperature
(55 °C) used in the earlier study of the biodegration of Ecoflex™ can
account for some of the difference in rates. Secondly, the nature of
the media will also likely play a significant role in the differences in
observed rates. That is, the current study used more complex media
containing a wider range of co-substrates, whereas the study by
Witt et al. used a single easily metabolized carbon source [11].
Several studies have found that the presence of readily available
carbon sources suppressed the production of enzymes in compar-
ison to observations when the microbes were utilizing more
complex substrates [15-18]. These results highlight the importance
of test conditions in providing adequate assessment of the
biodegradation of aliphatic-aromatic polyesters.

Finally, the degradation results offer some clues of the prevailing
mechanism involved in the biodegradation of the polyester. Both of
the white rot fungi P. chrysosporium and Trametes versicolor, which
are known to produce a mixture of oxidative enzymes to break-
down lignin [19,20], were relatively poor at biodegrading the co-
polyester films. In contrast, microbes with hydrolase activity, which
comprise a large part of the soil and compost microflora were
shown to actively degrade the polyester [9,21-23].

4.2. Degradation by-products

Several by-products were expected to arise from biodegradation
of the co-polyester such as the two diacids, adipic acid and ter-
ephtahlic acid, that are consistent with an enzymatic hydrolysis of
the ester bonds as the mechanism for biodegradation. Butanediol,
which is another by-product that would be expected to arise from
hydrolysis, was never observed. However, this compound should be
relatively easy to degrade and thus would not be expected to be
seen in these biodegradation studies. Furthermore, since butane-
diol is water-soluble, small amounts would not be observed in the
organic extract.

The hydrolysis of an ester bond is the same mechanism pro-
posed for the biodegradation of this co-polyester by the thermo-
phile T. fusca [11]. A similar hydrolysis mechanism has also been
proposed for the breakdown for other polyesters such as poly-
caprolactones [24] and polyhydroxyalkanoates [25]. GC-MS anal-
yses would be expected to indicate the presence of either the
monoesters or diesters of both of these acids, but standards were
not available to confirm this.

Adipic acid concentration measurements allowed for the easy
monitoring of degradation over time, as shown in Fig. 2. Bio-
degradation occurred during the growth phase (growth measured
by optical density) as well as after growth of the bacterium had
ceased. In fact, in replicate experiments, the concentration of adipic
acid continued to increase for at least 55 days. No degradation was
observed without the initial presence of a co-substrate.

The diesters of both the adipic acid and terephthalic acid were
easily biodegraded by B. subtilis. However, while B. subtilis could
readily hydrolyse the aliphatic ester bonds of one of the polyesters
(poly(butylene adipate)), it was not able to hydrolyse the aromatic
polyester (poly(butylene terephthalate)). The implication from
these observations for the hydrolysis of aliphatic—aromatic co-
polyesters such as Ecoflex™ is that the ester bonds involving adipic
acid are degraded much more readily than those with terephthalic
acid. Presumably, after sufficient ester bonds of the adipic acid
components have been hydrolysed, there are small enough frag-
ments containing terephthalic acid that these can be hydrolysed.
Overall, these results demonstrate that having adipic acid in the
polymer formulation is responsible for the biodegradablility of
Ecoflex™. This is also supported by results reviewed by Miiller et al.
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Fig. 4. Normalized GPC chromatograms of an (a) abiotic sample of poly(butylene adipate) and (b) a sample exposed P. pinophilum.

where it was concluded that the presence of the aliphatic portion is
essential to ensure the biodegradability of the co-polyester [26].

4.3. Mechanism of biodegradation of aliphatic-aromatic
co-polyesters

From the screening experiments and the investigation of the
degradation experiments, it can be concluded that the biological
breakdown of the Ecoflex™ co-polyester film occurs via the hy-
drolysis of ester bonds and preferentially at aliphatic bonds. The
final mechanistic question that was considered was whether the
enzymes tended to hydrolyse the bonds of the terminal compo-
nents (an exo-mechanism) only or whether the hydrolysis of ester
bonds also took place at interior bonds of the polymer chain (an
endo-mechanism). Gel permeation chromatography (GPC) data
allowed a comparison of the size distribution of the polyester
molecules before and after exposure to microorganisms. If internal
ester bonds were being hydrolysed, there should be a more no-
ticeable broadening of the molecular weight distribution because
each act of hydrolysis will result in a much larger change than the
removal of just a terminal group.

Fig. 3 compares the chromatograms of an abiotic sample of
Ecoflex™ with a sample exposed to B. subtilis. The changes in
molecular weight distribution shown in Table 3 are not dramatic.
This is not surprising considering that the weight losses were very
low. However, closer inspection of the chromatograms combined
with earlier observations reveals clues regarding the possible
degradation mechanism of the co-polyester. The inset of Fig. 3
indicates that the lower molecular weight material (i.e. with an
elution time > 25 min) was preferentially degraded by B. subtilis
compared to the longer chains. Several small oligomeric peaks were
present initially (see abiotic sample). These peaks were dramati-
cally reduced or removed entirely from the samples subjected to
the microorganism. The results obtained with B. subtilis were
identical to those obtained with samples exposed to P. lilacinus and
P. pinophilum. Although it remains unclear whether both endo
and exo-type degradation mechanisms were involved, this is
not consistent with a predominant endo-hydrolysis mechanism.
The results obtained here show that the enzymes preferentially
degraded the lower molecular weight components of the polymer
mixture. The data are thus consistent with a predominant exo-
mechanism where the higher concentration of chain ends for the
oligomers makes them more susceptible to hydrolysis of the ester
bonds. Longer chains obviously have a lower concentration of ter-
minal groups and their elimination is not noticeable, as seen in the
GPC chromatogram of Fig. 3.

On the other hand, the degradation of the simpler polymer,
poly(butylene adipate) showed evidence of an endo-mechanism.
There was an accumulation of smaller oligomeric species as the
polymer chains were degraded (Fig. 4). However, the endo-type
mechanism was only observed for one of the organisms studied,
namely P. pinophilum. These results imply slightly different

degradation mechanisms for each microorganism studied. The
enzymes produced by these different microbes presumably have
different substrate specificities which may influence their degra-
dation mechanism. Overall, these results are consistent with the
observation that the ester bonds in this aliphatic polymer are rel-
atively easy to degrade. By comparison, the bonds in the co-poly-
ester Ecoflex™ are more difficult to hydrolyse and this seems to be
most pronounced for the internal bonds.

In general, the biodegradation of Ecoflex™ caused by exposure
to the various microorganisms can be characterized by a slower
degradation rate compared to earlier studies using thermophilic
microorganisms [11]. While there was some evidence for the
scission of oligomeric species during the biodegradation of the
co-polyester, these did not appear in significant quantities
relative to those of the diacid monomers. Fortunately, the two
co-monomers, adipic acid and terephthalic acid have already
been shown to have low acute toxicity [27,28] and to be readily
biodegradable [11,29].

5. Conclusions

The differences between the results of the present work and
those of earlier experiments with Ecoflex™ emphasize the need for
careful consideration of test conditions in conducting assessments
of the potential for biodegradation and fate of aliphatic—aromatic
co-polyesters in the environment. The biodegradation process is
significantly slower at ambient temperatures than in a compost
situation but it does seem likely that these polymers would even-
tually degrade given a sufficiently long period of exposure to mi-
crobes at these temperatures. The biodegradation of Ecoflex™ is
a hydrolytic process that preferentially cleaves the ester bonds
between the aliphatic components of the aliphatic-aromatic co-
polyester. We were able to measure the evolution of diacid
monomers such as adipic acid and terephthalic acid which have
low acute toxicity and facile biodegradation. The GPC experiments
suggested that biodegradation was faster for oligomeric species
than for the longer chains. Although degradation from an endo-
type mechanism cannot be ruled out entirely, the results from this
study show evidence of the predominance of an exo-type degra-
dation mechanism in the enzymatic breakdown of the co-polyester.
This was particularly obvious when biodegradation results for
Ecoflex™ and an aliphatic polyester, poly(butylene adipate), were
compared.
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AIMS AND SCOPE

Polymer Degradation and Stability deals with the degradation reactions and their control which are a major preoccupation of practition-
ers of the many and diverse aspects of modern polymer technology.

Deteriorative reactions occur during processing, when polymers are subjected to heat, oxygen and mechanical stress, and during
the useful life of the materials when oxygen and sunlight are the most important degradative agencies. In more specialised
applications, degradation may be induced by high energy radiation, ozone, atmospheric pollutants, mechanical stress, biological
action, hydrolysis and many other influences. The mechanisms of these reactions and stabilisation processes must be understood if
the technology and applications of polymers are to continue to advance. The reporting of investigations of this kind is therefore a
major function of this journal.

However there are also new developments in polymer technology in which degradation processes find positive applications. For
example, photodegradable plastics are now available, the recycling of polymeric products will become increasingly important,
degradation and combustion studies are involved in the definition of the fire hazards which are associated with polymeric materials and
the microelectronics industry is vitally dependent upon polymer degradation in the manufacture of its circuitry. Polymer properties
may also be improved by processes like curing and grafting, the chemistry of which can be closely related to that which
causes physical deterioration in other circumstances.

Radiation of various kinds is used to initiate many of these modern technological processes so that polymer photochemistry has
come to a new prominence and finds a major place in this journal.

The study of all these processes has made extensive use of modern instrumental analytical methods and the various
spectrometric, chromatographic and thermal analysis techniques have been particularly prominent.

There is clearly a strong common bond between investigators in various parts of the field. Polymer Degradation and Stability provides
a forum for the publication of their work.
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