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This study aims to evaluate the influence of pro-oxidant additive and accelerated aging on the 
degradation of polyethylene (PE) samples in simulated soil, in accordance with ASTM G160-03. 
Films of polyethylene with and without pro-oxidant additive were studied, before and after 72 hours of 
accelerated aging. The films were initially characterized by analyses of Scanning Electron Microscopy 
(SEM) and Fourier Transform Infrared Spectroscopy (FTIR) (to evaluate the Carbonyl Index (CI)). 
The films were exposed for 30, 60 and 90 days in simulated soil, with controlled moisture and soil 
pH. The results showed the degradation of polyethylene films through an increase of CI in samples 
with additive and accelerated aging after 30 days of exposure, and a decrease, after 60 and 90 days, 
indicating the uptake of material oxidation by-products by microorganisms. The polyethylene films 
without pro-oxidant additive after accelerated aging showed greater structural and surface modifications, 
as compared to films with the additive.
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1.	 Introduction
During the last decades, has increased the necessity in 

the search for solutions to minimize environmental problems 
caused by polymeric materials, especially polyolefins such 
as polyethylene and polypropylene, when disposed in an 
appropriate environment1. Researches have been conducted 
on direct incorporation of carbonyl groups within the 
backbone or its in situ generation by introduction of pro-
oxidant at the processing stage, to allow different lifetimes 
or induction time for polymeric materials after disposal2.

The oxidative degradation of the polyethylene 
containing pro-oxidant additives can be accelerated by 
ultraviolet (UV) light (photodegradation) or by thermal 
degradation using heat over time3. Typical pro-oxidants 
include UV activators like aromatic ketones and/or 
transition metal based complexes2,3. Initial abiotic oxidation 
is an important stage as it determines the rate of the entire 
process. In this stage the incorporation of oxygen into the 
carbon chain polymer backbone results in the formation of 
functional groups such as carboxylic or hydro-carboxylic 
acids, esters as well as aldehydes and alcohols3-7.

Every year, about 140 million tons of synthetic polymers 
are produced and 30% of this amount is used as packing8,9. 
In Brazil, the polyethylene contributes with 48.9% of all the 
thermoplastic polymers discarded10. It is used, in its various 
forms, in the manufacture of plastic bags and of packaging 
of various products. These products require a long time 

to decompose after discard10-12. In order to minimize the 
generation of urban wastes that is inert to degradation, it 
stands the development of polymers of short duration, those 
with the possibility of having their degradation process 
accelerated with the incorporation of pro-oxidant additives13.

There has been extensive research into biodegradability 
of polyolefins containing pro-oxidants in the presence of 
microbial consortium present in the environment as well 
as selected microbial species in defined medium under 
controlled laboratory conditions14-17. Koutny et al.18 reported 
that several members of Rhodococcus genus proving their 
role in the interaction of pre-oxidized PE, formed biofilms 
on the surface of oxidized low-density polyethylene film 
containing pro-oxidant additives, thus suggesting their role in 
assimilation of oxidized polyethylene film. Fontanella et al.19 
compared the biodegradability of various polyethylene films 
with a balanced content of antioxidants and pro-oxidants 
(manganese + iron or manganese + iron + cobalt) inoculated 
with the strain Rhodococcus rhodochrous in mineral 
medium, during 180 days. The results show that the main 
factor controlling the biodegradability of the PE films is 
the nature of the pro-oxidant additive and to a lesser extent 
that of the matrix. Except for the samples containing very 
high content of cobalt additive, the various polymer films 
were used as substrates by the bacteria. Albertsson et al.20 
studied the biotic degradation of pro-oxidized samples low-
density polyethylene containing starch and pro-oxidant. 
Pro-oxidized samples were subjected to aqueous sterile and 



122 Gomes et al. Materials Research

aqueous biotic (Arthrobacter paraffineus) environments 
at ambient temperatures for 3.5 years. Carboxylic acids 
were identified in the abiotically degraded samples in 
contrast to the biotic environment, where assimilation 
of lower molecular weight products by bacterium, 
especially carboxylic acids, had taken place as determined 
by gas chromatography and gas chromatography-mass 
spectrometry. Similar results were reported by Yamada-
Onodera  et  al.21, where the functional groups inserted 
into pro-oxidized PE samples aided biodegradation and 
suggested that microorganisms might even have a role to 
play during degradation of polyethylene samples. However, 
such experiments do not simulate real-time exposure 
conditions where a complex microbial community is 
present and variable abiotic and biotic factors influence 
the biodegradability of polyethylene. Thus, the standard 
ASTM G160-0322, used in this study, aims to evaluate the 
biotic degradation of pro-oxidized samples polyethylene 
containing pro-oxidant additive exposed in simulated soil 
during 90 days and identify a complex microbial community 
present in the soil after exposure.

2.	 Material and Methods
The blue polymeric films (25 µm) with and without 

pro-oxidant additive (PE
OX

 and PE), respectively, were 
made by commercial grade of the high-density polyethylene 
(HDPE), and linear low-density polyethylene (LLDPE), 
with a ratio 60/40, from Braskem S.A., Brazil (Table 1). The 
melt flow index for HDPE is 0.35 g/10 min (190 °C/5 kg) 
according ASTM 1238-04c and, for LLDPE is 0.71 g/10 min 
(190 °C, 2.16 kg) according to ASTM 1238-04c and ASTM 
D-150523,24. The films were manufactured in a single-screw 
extruder, 45-mm screw diameter, diameter ratio (L/D) of 30, 
and temperature profile of 142, 195, 195, 183, and 160 °C. 

The blue pigment was acquired from Multicolor Indústria 
e Comércio de Pigmentos LTDA., MFI 25 ± 3 g.10 min–1, 
concentration of 18.6 % and thermal resistance 260 °C.

The accelerated aging test was carried out in a 
Weathering Tester equipment from Comexim Matérias 
Primas Indústria e Comércio Ltda., following an adapted 
ASTM G154-00 method25 with fluorescent lamps (Philips 
TL 40W), which emit light with a wavelength of 313 nm. 
The chamber repeats continuously the following cycle: a 4-h 
period of UV irradiation at 60 °C followed by a 4-h period of 
de-ionized water spray (steam condensation) at 40 °C. The 
samples PE

OX
 and PE were submitted to the aging process 

for period of 72 hours.
The simulated soil, which was used to assess the 

degradation of the polymer samples by the action of 
microorganisms, has been developed in accordance with 
ASTM G160-03 standard22. Each part of the simulated 
soil, black earth, grit sand and horse manure was mixed for 
20 minutes with the aid a Horbach concrete mixer (Figure 1). 
After, the polymer samples were buried in polypropylene 
(PP) cups and placed in greenhouse according Figure 2.

After 30, 60 and 90 days of exposure in simulated soil, 
polymer samples were removed and washed in distilled 
water. The liquid from the washing process was centrifuged 
for 10 minutes in a centrifuge Fanem - Baby I Model 206 BL, 
at 1500 rpm. The supernatant was discarded and 0.1 mL of 
the sediment was inoculated with a platinum spatula on 
Sabouraud agar and incubated at 25 °C for seven days in a 

Figure 1. Simulated soil preparation: (a) grit sand, (b) grit sand and black earth, (c) grit sand, black earth and horse manure and (d) final 
aspect of simulated soil.

Figure 2. Exposure of samples in (a) cups with the simulated soil and the polymeric samples, (b) greenhouse dispose and (c) greenhouse.

Table 1. Formulation of polymeric films.

Sample HDPE 
(% wt)

LLDPE 
(% wt)

Pigment 
(% wt)

Additive 
(% wt)

PE
OX

59.11 39.41 0.49 0.99

PE 59.70 39.80 0.50 -
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bacteriological culture incubator, model 502, Orion, Fanem. 
The identification of fungus presents in surface of polymers 
and simulated soil was performed by microscopic features 
with an Axiostar/Zeiss light microscope, magnification 
400x. It was used as reference specific literature and taxons 
copies of the mycology collection of the Medical Mycology 
Laboratory of the Caxias do Sul University26,27.

The surface morphology of carbon covered samples 
before and after exposure simulated soil was observed 
using Scanning Electron Microscopy Shimadzu, SSX-550, 
Superscan at an accelerating voltage of 15 kV. The structural 
changes in the film due to both abiotic and biotic exposures 
were carried out in a Thermo Scientific Nicolet FT-IR 
spectrometer, model iS10. The spectra were obtained as an 
average of 32 scans with 4 cm–1 resolution. The carbonyl 
index (CI) was calculated from the ratio of the total area of 
the absorption band between 1700 to 1780

 
cm–1 (carbonyl 

peak) to the total area of the absorption band at 1463 cm–1 
(−CH

2
− scissoring peak)28.

3.	 Results and Discussion
The microbiological tests performed after exposure of 

samples in simulated soil allowed to identify the presence 
of several colonies of microorganisms such as: Geothrichum 

spp, Mucor spp, Rhizopus spp, Trichoderma spp, Aspergillus 
spp, and Aspergillus niger as well as nematodes and protozoa 
(Figure 3).

It can be seem in Figure  3 that the simulated soil 
provided an environment rich in various microorganisms, 
possibly because of the good initial conditions, that allowed 
the development of different microbial colonies, also 
observed in SEM analysis (Figure 4). The morphological 
analysis of polymer films shows some important aspects 
used to describe the phenomenon of biodegradation of 
polymers, such as biofilm29. In the samples of PE and PE

OX
 

exposed to simulated soil it was observed adherence and 
colonization of a complex mixture of microorganisms, 
surface erosion and presence of fruiting bodies and hyphae, 
characteristics that indicate the biodegradation of the 
polymer films (Figure 4).

A completely different pattern of microstructure is 
observed on SEM analysis of samples which were not 
submitted to simulated soil (Figure 5). No hyphae formation 
or a complex mixture of microorganism was observed, which 
proves that simulated soil combined with accelerating aging 
could change the entirely microstructure of the polymeric 
films.

FTIR spectra of PE and PE
OX

 films before and after 
abiotic (accelerated aging) and biotic (simulated soil) 

Figure 3. Microorganisms identify during exposure of polyethylene samples in simulated soil: (a) Geothrichum spp, (b) Mucor spp, 
(c) Rhizopus spp (d) Trichoderma spp, (e) Aspergillus niger spp, (f) Zygomycota, (g) Penicillium spp, (h) nematode and (i) protozoa. 
Magnification 400x.
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Figure 4. SEM micrographs of the surface of the PE and PE
OX

 samples after simulated soil, (a) and (b), hyphae formation, (c) complex 
mixture of microorganism and (d) surface erosion.

Figure 5. SEM micrographs of the surface of the PE (a) and PE
OX

 (b) samples not submitted to simulated soil – control samples.

Figure 6. FTIR spectra of (a,c) PE and PE
OX 

samples after 30, 60 and 90 days in simulated soil, (b,d) PE and PE
OX 

samples
 
after 72 hours 

of exposure in accelerated aging and after 30, 60 and 90 days in simulated soil.
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exposures are showed in Figure 6. In the spectra of non-
oxidized and pre-oxidized PE samples, Figures 6a and 6b, 
respectively, any change in chemical structure was observed 
after exposure in simulated soil during 30, 60 and 90 days, 
proving that polyethylene degraded very slowly without 
pro-oxidant. The structural analysis of the pre-oxidized 
PE

OX 
samples (Figure 6d), aging during 72 hours, initially 

any oxidation was observed, however, after the exposure 
in simulated soil was possible to identify the formation 
of a band between 1714 and 1740 cm–1, characteristic of 
C=O bond (carbonyl), indicating formation of oxidation 
product. These absorption bands were related to the 
vibrational stretching of ketone (1715 cm–1) and aldehydes 
and/or esters groups (1733 cm–1)11,28. For this sample, 
it was observed increase intensity in carbonyl peak and 
relevant CI seen in the FT-IR spectrum of Fig. 5d, after 
30 days exposure in simulated soil, and a decreased in 
CI after 60 and 90 days, attributed to the consumption of 
carbonyl groups by microorganisms, indicating polymer 
chain scission by Norrish type I degradation mechanism or 
by ester formation17. On the other hand, the non-oxidized 
PE

OX
 samples (Figure 6c) any change was observed after 

exposure at simulated soil, proving that initial abiotic 
oxidation, accelerated aging, and presence of pro-oxidant 
additive are important factors for determining the rate of 
the entire process.

4.	 Conclusions
The use of polyethylene and pro-oxidants could lead 

to manufacture biodegradable films in soil environments, 
although the biodegradation will be at a slow rate. The 
degradation of pre-oxidized PE

OX
 films was observed 

after exposure in simulated soil, due to combined effect 
of photodegradation and pro-oxidant additive. The 
variation of carbonyl index in pre-oxidized PE

OX
 samples 

during exposure to simulated soil is due to the action of 
microorganisms on polymer structure that indicate that 
the process of degradation/biodegradation is beginning. 
In both samples (PE and PE

OX
) exposed to simulated soil 

it was observed adherence and colonization of a complex 
mixture of microorganisms, surface erosion and presence 
of fruiting bodies and hyphae, characteristics that indicate 
the biodegradation of the polymer films.

The addition of pro-oxidant additives, when combined 
with accelerated aging, may be an alternative to propagate 
the oxidation of polyethylene, but extremely specific 
conditions were required for the uptake of oxidation by-
products by microorganisms in simulated soil.
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