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Abstract

Several demonstrations of the effective biodegradation in soil of pro-oxidant activated polyethylene (PE) have been reported recently. Nev-
ertheless a comprehensive understanding of the ultimate fate in the environment of the oxidized fragments of oxo-biodegradable polyethylene
materials needs the extension of the studies to other natural environments and in particular to aqueous media (river, lake, brackish and marine
waters) where accidental plastic littering and the resulting degraded fragments eventually may end up.

In this respect, as part of our continuing activity in the area of oxo-biodegradable polymeric materials, in the present paper we wish to report
on the results attained in an ongoing investigation on the biodegradation in a water medium of thermally pre-oxidized low density polyethylene
(LDPE) film samples containing pro-oxidant additives.

Thermally oxidized LDPE-film samples and corresponding acetone extractable fractions were submitted to the effect of microorganism flora
present in river water. The effective biodegradation was assessed by monitoring the amount of CO2 developed over time in a respirometer ap-
paratus. Levels of biodegradation up to 12 and 48% for the degraded fragments and corresponding fractions extracted with boiling acetone were
detected on a 100-day time frame.
� 2007 Published by Elsevier Ltd.
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1. Introduction

The extremely low propensity to oxidation and further deg-
radation followed by biodegradation of conventional polyethyl-
ene is widely accepted. However, more than 30 years ago it was
suggested that pre-aging treatment (UV, heat exposure, oxida-
tion with nitric acid), as well as the addition of pro-degradant
systems acting as initiators of thermal and photo-oxidation of
polyethylene films promote the fragmentation of the tested
samples eventually followed by microbial attack [1e5].

In particular, it was repeatedly demonstrated that abiotic
oxidation produces functional macromolecules susceptible to
random cleavage with the formation of low molecular weight
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oxygenated products including aliphatic carboxylic acids, al-
cohols, aldehydes and ketones [6e9].

The rate of biodegradation of polyethylene, even under pro-
longed exposure time (10e32 years) to microbial consortia of
soil, was found to be very low, thus accounting for less than
1% carbon mineralization [10,11]. Nevertheless, more recently
it has been demonstrated that the use of suitable pro-oxidants
as dopants of conventional LDPE or MDPE film induces sub-
stantial oxidation of the tested specimen with consequent frag-
mentation, drop of molecular weight and wettability increases
ultimately followed by a fairly-high mineralization extent (60e
70%) and fixation of carbon into cell biomass (8e10%) [12] in
soil burial tests [13,14].

Most of the studies of the biodegradability of polyolefins
containing pro-oxidant have been carried out on complex solid
media like soil and compost [13e15], indeed very few studies
have been carried out in aqueous media as well as in the
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Table 1

Characteristics of thermally degradable PE film samples used in thermal degradation tests [20]

Test samplea Thickness (mm) Sample code Mwb (kDa) IDb

Lupolen 3026 HK with 15% DCP540� 32 LDPE-DCP540 147.7 3.78

French compost bags with 10% ZSK 1314� 34 FCB-ZSK10 157.6 4.36

French compost bags with 15% ZSK 1314� 34 FCB-ZSK15 157.6 4.36

a The percent figures (%) are referred to the amount of EPI-masterbatch in the PE granule blends submitted to melt blown extrusion.
b Determined by HT-GPC.
presence of selected microbial species. In this respect the as-
similation of organic acids derived from polyethylene oxida-
tion by Arthrobacter paraffineus was observed by Albertsson
et al. [16] as well as the direct assimilation of thermo-oxidized
polyethylene by Penicllium pinophilum, even though at a very
low mineralization rate (0.37% in 31 months) [17], and UV ir-
radiated LDPE by a thermophilic bacterium [18].

The use of selected bacterial strains in liquid cultures dem-
onstrated their capability to biofilm formation on the assayed
PE film samples [19,20]. In particular a Rhodococcus ruber
strain is found to utilize polyethylene films as sole carbon
source as established by an 8% weight loss within 30 days
of incubation, in a burial test [19]. More recently metabolic
studies using ATP/ADP nucleotide assays revealed, after an
initial fast growth due to the assimilation of low molecular
fractions from thermally oxidized samples of LDPE, that the
energetic status of some microbial strains, such as Rhodococ-
cus rhodochrous and Nocardia asteroides, were compatible
with the continuous assimilation of the polymer even though
at a fairly low rate [20].

In the present study, aimed at the assessment of the miner-
alization level in river water medium, LDPE samples doped
with pro-oxidant, formerly submitted to a prior investigation
of the effects of different degradation conditions in term of ei-
ther temperature or relative humidity on the oxidation behav-
iour, were utilized [21]. Accordingly thermally oxidized films
at maximum and medium levels of oxidation, as determined
by carbonyl index (COi), as well as the relevant acetone ex-
tractable fractions, were used to feed aqueous cultures of mi-
croorganism consortia present in river water. A respirometric
procedure [22] based on the determination of the carbon diox-
ide evolved from the different cultures was utilized to assess
the extent of the mineralization of the analyzed films and frac-
tions extracted with acetone.
A fairly high biodegradation of these latter fractions, as
well as the positive influence of the achieved oxidation level
on the biodegradation propensity of the film samples was
clearly demonstrated.

2. Experimental part

2.1. Thermally degradable polyethylene films

Poly(ethylene) film samples containing thermal pro-oxidant
additives (LDPE-DCP540, FCB-ZSK15, and FCB-ZSK10)
were kindly supplied by EPI Environmental Plastics Inc. (Van-
couver, Canada).

Thermal degradation conditions and solvent extraction proce-
dures of the analyzed films have been reported previously [21].

Compositions and characteristics of film samples utilized in
accelerated thermal degradation tests are reported in Table 1
whereas in Table 2 is reported the data relevant to the recorded
oxidation levels as assessed by the carbonyl index (COi) and
the amount of the low molecular weight oxidized LDPE frac-
tions as extracted with boiling acetone.

2.2. River water respirometric biodegradation test

The biodegradation tests were carried out in 300-ml Erlen-
meyer flasks equipped with a silicone rubber stopper, hanging
a 40 ml capacity plastic vial filled with 20 ml of a 0.05 M
KOH solution for trapping CO2 evolved from the microbial cul-
ture. Each flask contained 100 ml sterilised low concentration
salt solutions having the following composition per litre of
distilled water: KH2PO4 85 mg, K2HPO4 218 mg, Na2HPO4

334 mg, (NH4)2SO4 10 mg, NH4NO3 10 mg, CaCl2 36 mg,
MgSO4$7H2O 23 mg, and FeCl3$6H2O 0.3 mg, pH 7.4� 0.2 [23].
Table 2

LDPE-film samples thermally treated at 70 �C and relevant fractions extractable with acetone tested in the river water biometer assay

Test sample Film Acetone extract

COia Mwb (kDa) IDb Film weight (%) COia Mwc (kDa) IDc

LDPE-DCP540 2.3 9.7 2.59 11.3 6.4 1.49 1.41

4.6 4.5 1.27 21.1 20.7 1.08 1.37

FCB-ZSK15 2.8 7.6 2.44 9.2 6.1 1.67 1.52

4.4 5.1 1.32 21.8 10.9 1.27 1.42

FCB-ZSK10 2.3 10.1 2.47 10.2 9.5 1.37 1.45

4.1 4.4 1.25 18.8 12.7 1.27 1.39

a Evaluated by FT-IR as DB1640-1840/DB1435.
b Determined by HT-GPC.
c Determined by GPC.
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A river water sample collected in the Natural Park of San
Rossore (Pisa e Italy) was used as microbial source in 10%
by volume ratio to inoculate each test flask.

Film samples, acetone extracts, docosane (C22 linear hy-
drocarbon) reference material and positive control (sodium ac-
etate) utilized in the tests were added as sole carbon sources at
0.01e0.05% by weight concentration. Test flasks were kept in
the dark and incubated at room temperature (20e30 �C) under
static conditions.

The biodegradation extent of each test material was calcu-
lated as a percentage (corrected for the inoculum endogenous
emissionsdblank flasks) of the overall theoretical CO2 pro-
duction calculated on the basis of the determined carbon con-
tent of the samples. The results were reproducible within
a confidence of �2% according to the tests carried out in
triplicate.

2.3. Analytical characterization

2.3.1. Spectroscopic characterization
Polyethylene film samples, as well as the relevant extract-

able fractions were characterized by 1H NMR and FT-IR, by
using a Varian Gemini 200 MHz instrument and a Jasco FT-
IR model 410, respectively.

2.3.2. Scanning electron microscopy (SEM)
SEM analyses on polyethylene film samples retrieved from

the biodegradation experiments were performed using a Jeol
LSM5600LV instrument.

2.3.3. Size exclusion chromatography (SEC)
Molecular weight and polydispersity of the acetone ex-

tracted fractions from thermally degraded samples were deter-
mined by SEC with a Jasco PU-1580 HPLC pump equipped
with two Plgel mixed-D columns (Polymer Laboratories, UK)
connected in series, and a Jasco 830RI refractive index detec-
tor. Sample elution was carried out with THF at 1 ml/min flow
rate. The instrument was calibrated by using polystyrene stan-
dard samples.

2.3.4. Elemental analysis
Carbon content of each test sample was determined by el-

emental analysis by using a Carlo Erba model 1106 elemental
analyzer.

3. Results and discussion

The effects of the oxidation level of thermally oxidized
LDPE samples (LDPE-DCP540, FCB-ZSK15, and FCB-ZSK10)
on the effective biodegradation level recorded in an aqueous
medium (river water), were investigated by testing the miner-
alization level of films having two different carbonyl index
(COi) values corresponding approximately to an high (4.1e
4.6) and a medium (2.3e2.8) degree (Table 2) achieved dur-
ing thermal oxidation in air at 70 �C [21]. At the same time,
the mineralization of the corresponding acetone extractable
fractions (Table 2) obtained from the same film at the two
levels of oxidation (COi index) was also assessed. As a refer-
ence material C22 solid n-alkane (docosane) was used in the
respirometric test, whereas the microbial viability was checked
by using sodium acetate as a positive control.

The mineralization profiles of the analyzed samples re-
corded within 100 days incubation time are reported in Figs.
1e3, whereas in Fig. 4 the biodegradation curves of the refer-
ence materials recorded in the same incubation time frame, are
also reported.

In all cases the acetone extractable fractions obtained from
the corresponding LDPE films at the highest COi degree un-
derwent fairly rapid mineralization, reaching about 42e48%
biodegradation at 100 days of incubation (Figs. 1e3).

In particular the mineralization profile of the acetone extract
derived from LDPE-DCP540 sample at maximum COi was
found to start without any apparent induction phase, thus fol-
lowing an exponential phase within 1e2 days of incubation
(Fig. 1). The corresponding biodegradation curve was also
matched by a double exponential fit reaching 48% mineraliza-
tion, with a positive slop, after 3 months of incubation. A sim-
ilar behaviour was also observed in the case of the acetone

Fig. 1. Biodegradation profiles of thermally treated LDPE-DCP540 films and

acetone extracts in river water medium at room temperature.

Fig. 2. Biodegradation profiles of thermally treated FCB-ZSK15 films and

acetone extracts in river water medium at room temperature.
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extractable fractions derived from the FCB-ZSK15 and FCB-
ZSK10 samples at the maximum level of oxidation (Figs. 2
and 3), whose maximum extent of biodegradation was however
a little lower (42e44%) than that recorded in the case of the ac-
etone extract from LDPE-DCP540 sample at maximum COi.

It is worth mentioning that the extent and the profile of the
biodegradation curves of these extracts were also comparable
with the biodegradation profile recorded for the docosane sam-
ple (Fig. 4), thus suggesting a substantial similarity in the type
of microbial metabolism most likely attributable to the chem-
ical nature of aliphatic compounds. We have to remark that the
docosane has a molecular weight (310 Da) substantially lower
that any of the fraction extracted with acetone even though it
did not contain any carbon atom in a formal oxidation stage
higher than -2. The reliability of the respirometric test was
also confirmed by the extent of mineralization (98%) reached
at 100 day incubation by using sodium acetate as a positive
control (Fig. 4).

Comparable lower extents of biodegradation were instead
observed in the cultures supplemented with the acetone extract-
able fractions obtained from the LDPE films at the medium level
of oxidation (Figs. 1e3). In all cases not more than 20% miner-
alization was observed after 3 months of incubation. Therefore,
the lower propensity to biodegradation of these kinds of extracts
in the presence of river water microorganisms could be attrib-
uted to limitations imposed by the higher molecular weight of
the fractions extracted from the LDPE films at medium COi
with respect to the Mw of the fractions obtained from the ace-
tone extraction of LDPE films at maximum COi (Table 2), as
well as to the differences in the amount of oxidized functional
groups as qualitatively evidenced in NMR spectra recorded
for the two fractions (Fig. 5). In fact the NMR spectrum of the
acetone extracted fraction at the medium COi is characterized
by the presence of absorption signals attributable almost exclu-
sively to aliphatic carbonyl groups (Fig. 5a), whereas for the cor-
responding fraction at maximum level of oxidation, typical
absorption signals of protons bonded to the carbon in ester
groups were observed in a larger relative amount with respect
to the aliphatic proton signals (Fig. 5b).

Fig. 3. Biodegradation profiles of thermally treated FCB-ZSK10 films and ac-

etone extracts in river water medium at room temperature.
The presence of larger amounts of oxidized functional groups
in the acetone extracts obtained from the films at maximum
COi was quantitatively confirmed by FT-IR analysis (Table 2,
Fig. 6).

It is also worth noting that the propensity to biodegradation
of the acetone extracts was positively influenced by the corre-
sponding COi (e.g. amount of oxidized groups). In this respect,
the highest degree of mineralization (48.3%) was recorded in
the case of the extract having 20.7 COi obtained from the
LDPE-DCP540 film at maximum level of oxidation (Fig. 1),
whereas minor extents of biodegradation (19.1e41.0%) were
recorded in the cultures supplemented with acetone extracts
having comparable lower COi values and comprised between
6.1 and 12.7 (Figs. 1e3).

The biodegradative propensity of thermally degraded LDPE
films was also markedly affected by the level of oxidation. In
fact only the films characterized by higher COi values under-
went a significant mineralization. The discrimination between
samples at high and medium levels of oxidation was even
evident at low levels of mineralization whereas the mediumly
oxidized samples did not experience any apparent microbial
attack (Figs. 1e3). The higher propensity to biodegradation
of the tested materials as a function of the effective degree of
oxidation under the adopted conditions was also indirectly con-
firmed by the higher microbial colonization of the surface of
the films with maximum COi with respect to the corresponding
specimen at lower value of functionalisation (Fig. 7).

Finally, as repeatedly reported [1,16,18,20], the microbial
consumption of oxidized fractions present in the thermally de-
graded films was also confirmed by the decrease (30e35%) in
the COi values of the films submitted to the biodegradation
test with respect to the starting materials.

4. Conclusions

The biodegradation propensity of thermally degradable (oxo-
biodegradable) polyethylene films previously shown in solid in-
cubation media (natural soil and compost) has been confirmed
also in a relatively simple environment such as that represented
by river water containing wild microorganism consortia.

Fig. 4. Biodegradation profiles of docosane and sodium acetate reference ma-

terials in river water medium at room temperature.
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Fig. 5. 1H NMR spectra of acetone extractable fractions from thermally treated LDPE-DCP540 films at medium (a) and maximum (b) COi.
Fig. 6. FT-IR spectra of acetone extractable fractions from thermally treated

LDPE-DCP540 films at maximum (a) and medium (b) COi.
A positive influence on the level of oxidation achievable dur-
ing the pre-aging treatment of thermally degradable poly(ethyl-
ene) on both the rate and extent of biodegradation has been also
demonstrated by comparing the behaviour of polymer films and
the corresponding acetone extractable fractions containing sig-
nificantly different amounts of oxygenated groups.

In this connection, the structural characterization of ther-
mally oxidized degradable polyethylene fragments could be
used for an effective prediction of their ultimate fate when
ending eventually in river aqueous environment.

The rate of degradation is very much dependent upon the
molecular weight and level of oxidation of the samples sub-
mitted to a biodegradation test.

Finally we can conclude that full carbon backbone oxo-
biodegradable PE samples as widely demonstrated also in
the case of poly(vinyl alchol), that can be considered as linear
PE regioselectively oxidized in 1,3-position, can experience
oxo-degradation and hence bio-degradation in water media.
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Fig. 7. SEM micrographs of thermally treated LDPE-DCP540 films at maximum (a) and medium (b) COi withdrawn after 35 days incubation in the presence of

river water medium at room temperature.
The extension of the undertaken investigation is also in
progress for other aqueous media including marine and civil-
industrial waste water from treatment plants.
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