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ABSTRACT: The photodegradation (432 h under irradia-
tion of Xe-Lamp-solar filter) of an ethylene vinyl acetate
(EVA) copolymer with vinyl acetate content of 9% was
studied, and the effect of iron and calcium stearates was
evaluated using different techniques such us attenuated
total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR), gel permeation chromatography (GPC), and
thermal analysis methods (DSC and TGA). A re-arrange-
ment in crystallization and consequent decrease in thermal
stability were found through differential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA), which
were in agreement with the chain scission tendency. The
presence of Ca and Fe pro-oxidants additives in EVA films
increased the ketone carbonyl formation and decreased the
ester absorption band of the acetate respect to the pure
EVA, as it was evidenced by the significant changes in Car-
bonyl Indexes found by FTIR. The activity of stearates has
been also evaluated by chemiluminescence, where the tem-
perature-ramping tests under nitrogen showed the forma-
tion of a peroxide peak at lower temperature. The lower
stability of the films containing pro-oxidants was evidenced
by the values of oxidation induction time (OIT) determined
by DSC. The results were supported by GC-MS, where the
concentration of extracted products identified in the EVA
containing pro-oxidants was significant and a much greater
decrease in molecular weight was determined by GPC,
which confirmed the development of degradation for EVA

with Ca and Fe stearates in comparison to pure EVA. Biode-
gradation of photodegraded EVA films were studied at
45�C during 90 days using a mixture of Bacillus (MIX) (B.
cereus, B. megaterium, and B. subtilis) and, in parallel, by Bre-
vibacillus borstelensis as reference strain. Biodegradation
of EVA-films was studied by Chemiluminescence, ATR-
FTIR and GC-product analysis and the data confirm more
efficient biodegradation on the materials containing pro-
oxidants. The chemiluminescence emissions due to decom-
position of oxidation species was observed at lower temper-
atures on the biodegraded samples. Also, the drastic
decrease of carbonyl index and the disappearance of photo-
generated low molecular products with biodegradation
were more efficient on the biodegraded films containing
pro-oxidants. EVA mineralization was evaluated by carbon
dioxide measurement using indirect impedance technique.
Biodegradation by B. borstelensis and MIX at 45�C was simi-
lar and exhibited a pronounced difference between the pure
photodegraded EVA film (around 15% of mineralization)
and the corresponding photodegraded films containing Ca
and Fe stearates where biodegradation extent reached val-
ues of 23-26% of biodegradation after 90 days.VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Nowadays, polyethylene and its copolymers such us
ethylene-vinyl acetate are the preferred materials in
the application of agricultural films. The advantages
of ethylene vinyl acetate copolymers1 (EVA) against
polyethylene as base polymer for agricultural films

are determined by two intrinsic characteristics: its
greater polarity and less crystallinity. The higher po-
larity of EVA results in more compatibility with the
majority of organic additives than low density poly-
ethylene (LDPE), which makes it have a better dis-
persion in the polymeric matrix, a slower migration
and a higher maximum concentration. Because of
this, film quality improves and a longer duration of
an anti-drip effect is achieved. In test carried out in
Florida (USA) and Almeria (Spain) or artificial age-
ing (xenon lamp Atlas Ci4000) it has been demon-
strated that the photostability increases with the
vinyl acetate (VAc) content. Due to its outdoor sta-
bility, the photodegradation of EVA and long-term
deterioration during its service life have been
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studied for others applications2 such us, cell encap-
sulant3,4 and toy industry5 but also in blends with
PVC6 and PE,7 in EVA composites with inorganic
fillers such us clay,8 carbon black9 and carbon nano-
tubes.10 Recently, a detailed study of the VAc con-
tent effect on UV-ageing was published11 using EVA
containing 14% and 18% of VAc.

In the EVA agricultural application,1 the opaque
effect to infrared radiation (thermicity) is increased.
Acetate functionalities have absorption bands in the
IR region between 7-14 microns of wavelength and
the EVA copolymers with high contents of VAc can
be considered thermal- or heat- insulators (according
to the UNE-EN regulation 13206). The presence of
acetoxy groups in the ethylene prevents adjacent PE
chains packing into a crystal lattice; therefore EVA
with a Vac content higher than 30% w/w is sensibly
amorphous. The less crystalline character of the EVA
copolymers improves visible light transmission,
reduces turbidness and improves mechanical prop-
erties such us impact and tear. Due to these advan-
tages, for some years now, EVA copolymers have
shifted polyethylene in agricultural film applications.
EVA copolymers with a randomly content of VAc
lower than 18% are used as monolayer films since
higher contents increase polarity to allow adhesion
of powder to the film surface diminishing the neces-
sary transparency for plant growth.

In this paper, we have studied the photodegrada-
tion of an EVA copolymer with a content of 9% in
vinyl acetate, due to the interest of this grade in ag-
ricultural mulching film. Also we have evaluated the
effect of calcium and iron stearates as additives on
the degradation process. The degradation of these
materials has been compared with earlier results
obtained with polyethylene12 using these pro-oxi-
dant additives. Attenuated total reflectance-Fourier
Transform Infrared spectroscopy (ATR-FTIR), differ-
ential scanning calorimetry (DSC), gel permeation
chromatography (GPC), and thermogravimetric anal-
ysis (TGA) were used to evaluate the degree of pho-
todegradation of the materials and the effect of the
stearates as pro-oxidants.

Chemiluminescence (CL) has been used to study
oxidation of the EVA films, due to its offered advan-
tages with respect to many conventional techni-
ques.13 Chemiluminescence from polymers is due to
the recombination of secondary alkyl peroxy radi-
cals, which promotes ketone products to its lowest
triplet state and the radiative deactivation gives the
light emission in the visible region.14 The chemilu-
minescence emission can be related to the hydroper-
oxide (POOH) content, since generation of peroxy
radicals depends on the peroxide concentration
formed during processing or in-service life of the
material under ambient conditions.15 Hence, the ac-
tivity of calcium and iron stearates has been also

evaluated by chemiluminescence measurements of
EVA-films at different ageing times, and the results
were confirmed by analysis of the molecular weight
changes and carbonyl index measurements.
After photodegradation, mulching film fragments

are difficult of collect from the soil since erosion by
wind and rain contribute to complete the breakdown
of the embrittled film into friable powder. The objec-
tive of total disappearance of the films fragments
from the agricultural fields would imply polyethyl-
ene biodegradation, known as ‘‘oxo-biodegradation’’.
This mechanism of environmental biodegradation is
to promote, first, abiotic (photo or thermo) oxidation,
and second, microbial biodegradation. Most of the
studies on the biodegradability of polyethylene con-
taining pro-oxidants have been carried out on com-
plex solid media such as soil and compost, but only
recent research16–18 supports the idea that such
materials are biodegradable.
Following the objective of evaluation of an oxo-

biodegradation mechanism, a bacterial biodegrada-
tion study (second step) was carried out on the pre-
viously (first step) photodegraded EVA films. Biode-
gradation tests on discoid fragments of EVA films
were performed in silica at 45�C with controlled
inocula of the bacteria isolated in a previous work18

from mulching films exposed in a agricultural field,
mixture of Bacillus cereus, Bacillus megaterium, Bacillus
subtilis (MIX). In parallel experiments biodegradation
was also studied using Brevibacillus borstelensis as ref-
erence strain. Together with a characterization study
of the biodegraded samples, two different techni-
ques were used to evaluate biodegradation of EVA
films, measurement of the carbon dioxide produc-
tion or mineralization (process where an organic
substance is converted to an inorganic product) by
indirect impedance and chemiluminescence emission
of biodegraded film samples. Both techniques19,20

were previously employed and proved their suitabil-
ity to study polymer biodegradation. With this
study, the presence of a polar monomer, vinyl ace-
tate, in the polyethylene chain has been evaluated in
terms of photodegradation and biodegradation.

EXPERIMENTAL

Materials and polymer characterization

Films of 25 microns of thickness prepared by blow
moulding extrusion from a commercial grade (PA-
530 from Repsol) ethylene-vinyl acetate copolymer
(EVA) of 9% of vinyl acetate content (VAc) and EVA
films with iron and calcium stearates (EVA-Fe, EVA-
Ca) as pro-oxidant additives (at 0.2% w/w) were
prepared by Repsol.
Molecular weight was measured by Gel Permeation

Chromatography (GPC) on a Polymer Laboratories PL-

2 ABRUSCI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



GPC 220 apparatus with a differential refractive
index detector. The mobile phase was 1,2,4-trichloro-
benzene to which 2,6-di-tert-butyl-4-methyl phenol
(BHT) antioxidant (0.015%) was added. The analytical
flow rate was 1 mL/min and the temperature was
160�C. The values obtained were referenced to a uni-
versal curve with the following viscosimetric parame-
ters K ¼ 3.95 � 10–4 and a ¼ 0.726 (polyethylene).

FTIR spectrawere obtained using a PERKIN ELMER
BX-FTIR spectrometer coupled with an Attenuated
Total Reflectance (ATR) accessory, MIRacleTMATR
from PIKE Technologies and interferograms were
obtained from 32 scans at a 4 cm–1 resolution from 400
to 4000 cm–1. Before the actual analysis, background
spectra were obtained without samples in the cham-
ber. EVA degradation was determined by using the
standard Carbonyl Index method21 (CI), as the ratio of
the optical density of the ketone carbonyl absorption
band at 1715 cm–1, and the optical density of the in-
plane deformation rocking absorption band of methyl-
ene at 2850 cm–1 taken as internal thickness band (CI¼
A1715/A2850). Also, CIs referred to other specific bands
were calculated such as, ester carbonyl stretching
vibration at 1735 cm–1 (A1735/A2850), asymmetric and
symmetric stretching vibrations (CAOAC) at 1238 and
1175 cm–1 respectively (A1238/A2850 and A1175/A2850)
or lactone carbonyl band at 1780 cm–1 (A1780/A2850).

Differential scanning calorimetry (DSC) was per-
formed on a METTLER DSC823 instrument over the
temperature range 30�C to 180�C. The measurements
were made at a heating rate of 10�C/min in an inert
atmosphere of nitrogen and the instrument was cali-
brated with an indium standard (Tm ¼ 429 K, Hm ¼
25.75 J/g). To erase the thermal history of the mate-
rial, first a heating ramp rate at 10�C/min was used,
followed by a cooling ramp and a consecutive heating
ramp of 10�C/min each. The melting peak (Tm) and
the melting enthalpy (DHm) were obtained, and per-
centages of crystallinity (%Xc) were determined using
the reference of 293 J/g for crystalline polyethylene.22

For the Oxidation Induction Time (OIT), a standard
method (ASTM 3895-80 and ISO 11357) was used to
determine the thermal stability of the initial EVA
films prepared in this work. The measurement was
made with DSC in the isothermal mode at a constant
temperature of 200 �C. The sample was maintained
under nitrogen (40 mL/min) until the test tempera-
ture was attained, and then a flux of oxygen (40 mL/
min) was supplied. The latter was taken as time zero.
The OIT value is the time needed to reach the onset of
oxidation, detected as the start of an exotherm, and
can be correlated with the stability of the material.

Thermogravimetric analysis

The TGA experiments have been carried out in a
TGA Q-500 (Perkin-Elmer). The heating rate for the

dynamic conditions was 10�C/min, and the nitrogen
flow was maintained constant at 60 mL/min.
Identification of the degradation products ex-

tracted from EVA was undertaken by Gas chroma-
tography mass spectrometry (GC-MS) with a Agilent
Technologies 6890 N chromatograph coupled to a
5973 inert mass spectrometer using helium as the car-
rier gas, and equipped with an HP-5MS capillary col-
umn. The oven temperature was programmed from
80 to 250�C (5�C/min), and maintained for 30 min.
After that, samples were injected at 250�C. The degra-
dation products were identified by comparing their
mass spectrum with the one from the NST database
and checked by comparison of the retention times
with that of naphthalene as reference sample. For
that purpose, the extraction of degradation products
from EVA samples was performed using 5 mg of
sample, cut into small pieces, mixed with 10 mL chlo-
roform in a 20 mL glass vial and ultrasonicated in a
Branson 2210 apparatus for 2 h in a hot water bath
held at 60�C. The extract obtained was concentrated
by total evaporation of solvent at room temperature.
Afterwards, 2 mL of chloroform and 20 ll of stock
chloroform-solution of naphthalene (1 g/L) as inter-
nal standard were added. The extract was filtered
through a 0.2 mm filter prior to analysis5 by GC-MS.

Chemiluminescence

Chemiluminescence emission of film samples were
obtained as described earlier23 and using a CL400
ChemiLUME apparatus developed by Atlas Electric
Devices Co. Samples for chemiluminescence meas-
urements were prepared by cutting circular speci-
mens of 12 mm in diameter from the polymer films;
hence the emission area was maintained constant in
all the experiments. The film samples were held in
aluminum dishes and two different types of tests
were performed: A) Isothermal: samples of material
are preheated up to the test temperature (170�C)
under nitrogen or oxygen, and the temperature of
the test maintained constant. B) Dynamic: material
samples are heated up with pre-test ramp (2�C/
min.) under constant flow of nitrogen (50 mL/min.).
Chemiluminescence signal from film samples were
collected in a water-cooled photon counting photo-
multiplier, which was previously calibrated using a
radioactive standard provided by Atlas. The data
collected were processed using the specific software
supplied with the instrument.

Ageing

The accelerated photodegradation of the films was
carried out during 432 h (18 days) in a ATLAS/
SUNTEST XLS provided with a 2500W Xenon lamp
and a solar filter (borosilicate). Incident energy was
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fixed at 550 W/m2 in the interval 300-800 nm using
a XenoCalV

R

WB 300-800 irradiance sensor. Tempera-
ture was maintained constant at 45�C during the
testing program set. Exposed samples were mounted
on metallic plates (1 � 4 cm) and were periodically
taken out and characterized.

Bioassay procedure and indirect impedance
technique

Aerobic biodegradation of polyethylene film samples
by bacteria were conducted at 30 and 45�C in bio-
reactors of 7 mL of capacity, filled with 1 g of sterile
silica and 1.5 mL of bacteria suspension in Minimal
Growth Medium (MGM) of 2.5 � 107 cells/mL of
concentration, prepared as detailed before.24 The
composition of MGM used in this work contained:
NH4H2PO4 8 g, K2HPO4 2 g, MgSO4 �7H2O 0.5 g,
NaSO4 0.5 g, ZnCl2� 2H2O 8 mg, MnSO4�7H2O 8 mg,
FeSO4�7H2O 10 mg, CaCl2 0.05 g, distilled water
1000 mL. In this way, a suspension of each bacte-
rium was prepared and in the case of the mixture of
Bacillus, MIX, equal parts of each suspension were
mixed. After that, 10 discs of film samples of 4 mm
of diameter (5 mg) were added to the medium.
These containers were introduced in disposable cy-
lindrical cells of 20 mL charged with 1.5 mL of 2 g/

L KOH aqueous solution and provided by four
stainless steel electrodes to measure impedance on a
Bac-Trac 4300 (SY-LAB Ger€ate GmbH, Neupurker-
dorf, Austria). The experimental device and proce-
dure were described before.19 The device monitors
the relative change in the initial impedance value of
KOH solution which is converted in concentration of
carbon dioxide by a calibration curve of impedance
variation versus concentration of CO2. The percent-
age of biodegradation of the sample can be calcu-
lated taking in account the theoretical amount of
carbon dioxide ([CO2]Theor.) of the sample, % biode-
terioration ¼ [CO2]t � 100/[CO2]Theor.

RESULTS AND DISCUSSION

Evaluation of photodegradation of EVA films by
ATR-FTIR and chemiluminescence

The infrared spectra of EVA-films show notable
changes of characteristic bands corresponding to
functional groups which appear with irradiation
time. In Scheme 1, the different reactions that take
place in the mechanism of EVA-photodegradation
are compiled.11,25

EVA mulching films prepared in this work were
characterized by ATR-FTIR and the relative change
in functional groups after 432 h of irradiation are

Scheme 1 Degradation mechanisms of ethylene-vinyl acetate copolymers.
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reported in Table I. The Carbonyl Index (CI) evolu-
tion with photodegradation confirmed the growth of
two characteristics absorptions, shoulder at 1715 cm–

1 and broadband at 1175 cm–1, assigned to ketone
carbonyl structure. Ketone groups are formed from
vinyl acetate moieties by Norrish I and hydroperox-
ide cleavage reactions as shown in Scheme 1, A and
B respectively. At the same time, a decrease of the
ester CI was observed after photodegradation on the
ester (acetate) absorption band at 1735 cm–1 and the
vibration at 1238 cm–1 assigned to the asymmetric
stretching frequency mas(CAOAC) of the acetate.26,27

With the photodegradation of the EVA film a new
carbonyl vibration was observed at 1780 cm–1 that
was assigned27 to the lactone formation via back-bit-
ing process, Scheme 1 reaction D. The presence of
Ca and Fe stearates increases the differences of CI
after photodegradation.

The evolution of the CI of the 1715 cm–1 ketone
band with irradiation time is shown in Figure 1. Cal-
cium and iron stearates increased notably the ketone
formation via acetaldehyde elimination (Scheme 1A)
respect to the pure EVA. This behavior confirms the
efficient pro-oxidant effect of the stearates as it was
earlier observed in polyethylene.12

The analysis of non-isothermal chemiluminescence
runs under nitrogen atmosphere for initial and pho-

todegraded samples provides a useful tool to evalu-
ate the activity of stearates as pro-oxidants, both
during processing and photoageing of the films, Fig-
ure 2.
The CL-temperature curves for pure EVA showed

the increase of intensity when the molten state
region of the film (above 105�C) is reached. In the
melt, the mobility of the peroxy radicals and their
bimolecular termination reaction, responsible for the
chemiluminescence emission in the polymers, is fav-
oured. In the initial films the presence of pro-oxi-
dants decreased slightly the onset temperature of the
CL-emission (EVA-Ca, TCLonset ¼ 160�C; EVA-Fe,
TCLonset ¼ 175�C) respect to the pure EVA (TCLonset

¼ 190�C) indicating a higher hydroperoxide forma-
tion and slight trend towards oxidation during film
processing. The photodegradation of the EVA films
after 432 h of irradiation time produced drastic
changes on the CL-Intensity profiles and CL emis-
sion shifted towards lower temperatures under the
EVA melt temperature. The effect of pro-oxidants
was evidently significant, and in presence of calcium
and iron stearates, the formation of peroxide peaks
was observed at lower temperatures, Figure 2. These
intense emissions would indicate that higher
amounts of hydroperoxides were induced by the

TABLE I
Carbonyl Index Values of Different Characteristics Bands of EVA (9% of VAc) Containing Ca and Fe Stearates, Initial

and After 432 h of Irradiation Time

Film sample A1735/A2850 A1715/A2850 A1238/A2850 A1175/A2850 A1780/A2850

EVA 0.30 0.03 0.35 0.03 0.01
EVA Photodeg. 0.28 0.10 0.33 0.08 0.02
EVA-Ca 0.53 0.06 0.61 0.06 0.01
EVA-Ca Photodeg. 0.44 0.28 0.53 0.14 0.07
EVA-Fe 0.53 0.07 0.60 0.06 0.01
EVA-Fe Photodeg. 0.44 0.25 0.46 0.17 0.04

Figure 1 Carbonyl Index profile of ketone carbonyl band
of EVA films at different irradiation times.

Figure 2 Chemiluminescence temperature-ramping curves
obtained for initial and photodegraded (432 h) EVA films
under nitrogen.
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action of pro-oxidants during photoageing of the
EVA films.

The evolution of CL-Intensity profiles with irradia-
tion time is represented in Figure 3, for the EVA
films. The results confirm a higher degree of degra-
dation of samples containing Ca and Fe stearates
respect to pure EVA. This higher hydroperoxide for-
mation in the films containing pro-oxidants would
be on agreement with the higher content of carbonyl
species analyzed by ATR-FTIR, Figure 1.

Also, the activity of pro-oxidants on thermal oxi-
dation of EVA was studied on CL intensity-time
runs under oxygen, Figure 4.

The chemiluminescence emission was enhanced
with respect to that obtained under nitrogen, since
under oxygen the samples were oxidized in a diffu-
sion-controlled reaction simultaneously to the emis-
sion. The isothermal CL curves of EVA films exhib-
ited double stage of oxidation, oxygen independent
and oxygen diffusion-controlled reactions, with dif-
ferent oxidation rate during the processes, typical of
polyethylenes.28,29 The first maxima appeared as

shoulder of the curve as found earlier12 for polyeth-
ylene.30 The chemiluminescence intensity of second
maxima was seen to be highly affected with incorpo-
ration of stearates and CL was enhanced and shifted
to lower oxidation time respect to pure EVA. This
fact can be associated to the decomposition of
hydroperoxides catalyzed by the presence of metal
ion complexes, leading to the generation of free radi-
cals, which initiate the oxidation31 of the polyethyl-
ene sequences of EVA.

Evaluation of photodegradation of EVA films by
thermal analysis

EVA films before and photodegraded, pure and
with pro-oxidants, were studied by thermal analysis.
EVA films exhibited a single broad endothermic
peak profile on DSC before and after 432 h of irradi-
ation. The endotherms started at a low temperature
of 60�C, involving no well defined secondary crystal-
lizations and showed a single major melting peak
due to the primary crystallization,32 the data are
compiled in Table II. The melting peak temperatures

Figure 3 Chemiluminescence intensity determined at
170�C under nitrogen versus photoageing time of EVA
films.

Figure 4 Chemiluminescence curves for initial EVA films
obtained at 170�C under oxygen.

TABLE II
DSC, TGA, and DTGA Results of EVA Films Initial and After 432 h of Irradiation Time

Film sample

DSC TGA DTGA

Tm (�C) vc (%) OIT (s) Tonset (
�C) T10 (

�C) T50 (
�C) DW1 (%) Tst1 (

�C) Tst2 (
�C)

EVA 105 24 170 349 415 460 8.4 359 469
EVA Photodeg. 105 25 – 293 362 450 16.1 358 460
EVA-Ca 103 23 116 349 420 473 9.2 371 479
EVA-Ca Photodeg. 103 28 – 276 356 466 19.7 372 480
EVA-Fe 103 23 117 357 395 478 8.6 371 484
EVA-Fe Photodeg. 103 27.9 – 285 368 472 18.2 369 482

Tm, melting peak of primary crystallization; Xc, percentage of crystallinity; OIT, oxidation induction time; Tonset, onset
temperature of weight loss (weight loss at 3%); T10 and T50, temperatures corresponding to 10 and 50% weight loss
respectively; DW1, weight loss in the first stage corresponding to deacetylation; Tst1 and Tst2, temperatures of the maximal
degradation rates of stages 1 and 2 respectively; –, not determined.
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remained constant after ageing confirming that the
primary crystalline regions of the EVA films are sta-
ble and the photodegradation process takes place in
the amorphous phase of the material. Photodegrada-
tion of EVA samples induced a slight growth in the
overall crystallinity (% vc), this effect has been
reported in EVA by other authors.11 During ageing,
high temperature environment allowed physical
annealing of EVA-material33 and ethylene chain seg-
ments of the EVA in the secondary crystallization
region are able to re-arrange. The amorphous phase
degradation produces less intra/inter-molecular
entanglement in macromolecules and also facilitates
their re-arrangement or recrystallization during age-
ing.34 The lower stability of the films containing pro-
oxidants is evidenced by the values of the Oxidation
Induction Times (OIT) determined by DSC, Table II.

The thermal stabilities of photodegraded EVAs
under nitrogen are shown in Figure 5, where both
thermogravimetric (TGA) and derivative thermogra-
vimetric (DTGA) are plotted versus temperature in
the Interval 100-550�C.

Two weight loss steps are observed like in poly(-
vinyl acetate), the first one under 400�C due to the

autocatalytic deacetylation in the acetate fraction of
EVA (Norrish II reaction, Scheme 1C) and, the sec-
ond one, in the interval 400–520�C where the com-
plete chain scission of the residual material takes
place. In Table II, all the characteristic parameters of
the EVA thermostabilities are compiled. In the initial
films, the first weight loss (DW1) of the initial films
is close to the 9% of acetate content present in the
EVA indicating an efficient deacetylation in the first
thermal decomposition stage. After 432 h of irradia-
tion the weight loss in the first stage increases and,
in particular, in the materials containing pro-oxi-
dants the values shift from 9.2 to 19.7% on EVA-Ca
and from 8.6 to 18.2% on EVA-Fe. In the photode-
graded EVA films, deacetylation is accompanied by
the elimination of terminal active units on the
degraded shorter main-chains of EVA. Jin et al.11

obtained similar results, in the photodegradation of
EVA’s of 14 and 18%.
TGA characteristics temperatures in the Onset,

10% and 50% of weight loss decrease in the photo-
degraded EVAs respect to the initial films confirm-
ing that chain scission is the responsible of diminu-
tion in thermal stability. The peak position of stage 1
and 2, analyzed by DTGA (Tst1 and Tst2) do not
change with photodegradation for each EVA film,
indicating that the decrease in molecular weight do
not affect the maximum decomposition rate.11,35

The photodegradation of the EVA films during
432 h of irradiation decreases the molecular weight
as it is evidenced by the GPC data compiled in Ta-
ble IV. The effect of Ca and Iron stearates produced
a drastic reduction of molecular weight of the EVA
films.
The increased pro-oxidative ability of iron stearate

respect to calcium stearate may be related to the fact
that pro-oxidants based on metal combinations capa-
ble of yielding two metal ions of similar stability
and with oxidation number differing by one unit
only exhibited stronger catalytic effect.36

In all the solutions prepared with photodegraded
materials for GPC analysis, gel formation was
detected and the crosslinking level of samples was
lower than 5% in agreement with other authors.4,11,37

Molecular weight measured by GPC refers to non-
crosslinked fractions and a decrease in the polydis-
persity value was observed by GPC (Table IV) in Ca
and Fe photodegraded samples, in agreement with
similar results published by other authors.11

Evaluation of biodegradation by ATR-FTIR,
chemiluminescence, and GC-MS product analysis

In previous works of polyethylene biodegradation
in the presence of pro-oxidants,18,38 a drastic effect
of temperature was observed in the biodegrada-
tion assays. The mineralization of photodegraded

Figure 5 TGA and DTGA thermostability profiles of
EVA (9% of VAc) films containing Ca and Fe, initial and
photodegraded after 432 h of irradiation time.
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polyethylenes increased substantially at 45�C being
extremely slow at 30�C. For this reason, biodegrada-
tion of EVA was only performed at 45�C.

The carbonyl index (CI) values measured by ATR-
FTIR for the photodegraded EVA films after 90 days

of bacterial biodegradation are summarized in Table
III.
Incubation of the photo-oxidized EVA-films with

B. borstelensis and MIX at 45�C for 90 days showed a
marked reduction in the amount of carbonyl groups

Figure 6 FTIR spectra of EVA films, initial, photodegraded after 432 h of photoageing and after 90 days of bacterial bio-
degradation at 45�C.

TABLE III
Carbonyl Index Values of Characteristics Bands of EVA-9% of VAc Containing Ca and Fe Stearates, After 432 h

of Irradiation and After 90 Days of Bioassay Using a Mixture of Bacillus (MIX) and the Bacterium
Brevibacillus borstelensis

Film sample

A1735/A2850 A1715/A2850 A1238/A2850 A1175/A2850

Phot. MIX B.bors. Phot. MIX B.bors. Phot. MIX B.bors. Phot. MIX B.bors.

EVA 0.28 0.11 0.07 0.10 0.04 0.02 0.33 0.16 0.10 0.08 0.06 0.05
EVA-Ca 0.44 0.08 0.08 0.28 0.06 0.05 0.53 0.11 0.09 0.14 0.08 0.04
EVA-Fe 0.44 0.16 0.10 0.25 0.16 0.03 0.46 0.21 0.14 0.17 0.11 0.08
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estimated in terms of carbonyl index. The percen-
tages of CI decrease are higher when the biodegra-
dation was carried out on higher photodegraded
films containing calcium and iron stearates.

The metabolic action at 45�C of B. borstelensis and
MIX reduced the carbonyl absorption bands in the
ATR-FTIR. In Figure 6, the decrease of the carbonyl
absorption bands (at 1735 cm–1 and 1238 cm–1 of the
acetate, 1715 cm–1 ketone carbonyl and 1780 cm–1

lactone carbonyl) is shown for EVA after 90 days of
bacterial bioassay together with the corresponding
absorption bands of initial and photodegraded films.

The decrease in carbonyl groups on photo-oxidized
EVA can be attributed to the preferential microbial
assimilation of ester/carbonyl compounds formed
during abiotic oxidation. Oxo-biodegradation of poly-
olefins, like EVA, involves a first step of oxidation
followed by a second step of microbial degradation.
In this work the biodegradation of EVA chains starts
with the photooxidation during the first abiotic step
that induced deacetylation and formed hydroperox-
ides and carbonyl species (ketones) that decreased
the molecular weight by chain scission reactions. In
Table IV, the changes in molecular weight with bio-
degradation are compared together with the corre-
sponding photodegraded EVA materials.

After 90 days of biodegradation by the mixture of
Bacillus MIX, the distribution determined by GPC
analysis shifts, Figure 7, toward the left in the pres-
ent of pro-oxidants, slightly in the case of EVA-Ca

and pronounced in the case of EVA-Fe. The biode-
graded EVA film sample was not possible to analyze
due to the gel formation and the difficulties to fil-
trate before GPC injection. The effect of gel forma-
tion was also observed in biodegraded materials
and, in the case of biodegraded EVA-Ca (Table IV) a
small amount of gel that pass through the filter con-
tributes to an enormous Mw value.
The values of polydispersity ratio are lower in the

biodegraded EVA-Fe indicating that low molecular
weight fragments are consumed faster than the
higher oxidized fragments.
As expected, increase biodegradation of EVA was

observed, since the more chemically oxidized EVA
structures are more susceptible to microbial attack as
described in polyethylenes. The decrease in number-
average molecular weight (Mn) produced by the
mixture of Bacillus MIX, after 90 days at 45�C, is in
the same range interval (EVA-Ca, 22% and EVA-Fe,
40%) than that observed by other authors,39 34% on
photodegraded LDPE/pro-oxidant system using B.
borstelensis (90 days liquid culture at 50�C).
The effect of bacterial biodegradation in molecular

weight distributions is enhanced by photodegrada-
tion and the catalytic effect of calcium and iron stea-
rates on the abiotic degradation step. To confirm the
biodegradation of low-molecular weight products
generated in the first abiotic step a quantitative anal-
ysis of the degradation products was carried out af-
ter solvent extraction by ultrasonication.40 The

TABLE IV
GPC Data of Number-Average Molecular Weight (Mn), Weight-Average Molecular Weight (Mw), Peak Top Molecular

Weight (Mp), and the Polydispersity of Initial, Photodegraded After 432 h of Irradiation, and After 90 Days of
Biodegradation by the Mixture of Bacillus, MIX

Simple

Initial Photodegraded Phot. þ Biod. MIX

Mn Mw Mp PD Mn Mw Mp PD Mn Mw Mp PD

EVA 11,060 87,700 28,300 7.9 3430 29,100 5870 8.5 – – – –
EVA-Ca 8530 33,900 18,822 4.0 2800 6680 3710 2.8 2200 51,270 4050 23.2
EVA-Fe 13,600 119,500 38,900 8.8 2280 14,240 3840 6.2 1380 6700 2650 4.8

–, not determined.

Figure 7 Molecular weight distribution curves determined by GPC of EVA films, initial, photodegraded after 432 h of
irradiation and after 90 days of bacterial biodegradation.
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extracted products from EVA film samples, initial,
photodegraded (432 h) and after 90 days of biode-
gradation by bacteria were analyzed by gas chroma-
tography mass spectrometry (GC–MS) for compari-
son. Similar results were observed using the mixture
of Bacillus MIX and B. borstelensis, the chromato-
grams obtained using the later bacterium in the bio-
degradation of EVA-Ca is plotted in Figure 8.

The degradation products extracted and identified
from the photodegraded EVA were basically hydro-
carbons (saturated and unsaturated) and alcohols of
higher molecular weight, as is shown in Figure 8.
The hydrocarbons that were present in relatively
high concentrations in photodegraded EVA contain-
ing pro-oxidants, were found at a significantly lower
concentration in EVA without stearates.

After the bacterial treatment at 45�C the low-mo-
lecular-weight products were almost absent, at the
level present in the initial EVA. This fact is in ac-
cordance with the biodegradation mechanism of lin-

ear paraffin chains or n-alkanes up to tetratetracon-
tane (C44H90).

41 Our results confirm that bacteria
employed in this work biodegrade extractable low-
molecular-weight compounds but also can perturb
high-molecular-weight fractions than 5000 Da, which
is in agreement with the findings of other
authors.16,18,42,43

In earlier works, chemiluminescence emissions
measured on polymer films were able to quantify
the oxidation produced by microorganisms in the
structure of gelatin,20 cellulose triacetate,44 and pho-
todegraded polyethylene18 due to their metabolism.
The CL emission of EVA-films after 432 h of irradia-
tion and after 90 days of bacterial bioassay was stud-
ied by temperature-ramping tests under nitrogen,
Figure 9.
The onset of the CL emission shifted toward lower

temperatures for the biodegraded samples and in
general the intensity of the low-temperature peaks
increase. In almost all the biodegraded EVA films
containing calcium and iron stearates two peaks
emissions were observed (Table II), and their onset
temperatures (around 45�C) were significantly lower
than that measured for the pure EVA. These results
confirm the efficient oxidation activity of the micro-
organisms at 45�C as observed in polyethylene.18

Carbon dioxide production in the biodegradation
of EVA films

Biodegradation at 45�C was studied by determining
the carbon dioxide produced in the metabolic action
of the bacteria, using the indirect impedance tech-
nique. The time courses of carbon mineralization at
45�C of the photodegraded EVA films are reported
in Figure 10. for the mixture of Bacillus (MIX) and B.
borstelensis.
From the results plotted in Figure 6, biodegradation

of photodegraded EVA films started from the begin-
ning of the bioassay and the production of CO2 was
faster when Ca and Fe stearates are present in the for-
mulations. Biodegradation by MIX and B. borstelensis

Figure 8 GC-MS chromatogram of the products extracted
from initial, photodegraded, and biodegraded EVA films.
Different products were identified: (1) Octadecane, (2) Tet-
racosane, (3) Heptacosane, (4) Eicosane, (5) Octacosane, (6)
Nonacosane, (7)Tricontane, (8) Decanol, (9) Tetradecanol,
and (10) Octadecanol.

Figure 9 Chemiluminescence temperature-ramping curves obtained from EVA films under nitrogen, initial, photode-
graded after 432 h of irradiation and after 90 days of bacterial biodegradation at 45�C.
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exhibited a pronounced difference between the pure
photodegraded EVA films (around 15% of biodegra-
dation after 90 days) and the corresponding materials
containing Ca and Fe pro-oxidants (23–26% of biode-
gradation after 90 days).

No significant differences were found between
both series of bioassays using B. borstelensis and the
mixture of Bacillus MIX on photodegraded EVA
films. Only B. borstelensis seems to be faster in the
mineralization of photodegraded EVA-Fe after the 3
weeks of bioassay but the final percentage of biode-
gradation was in the same order than that found for
the biodegradation of MIX. The percentages of bio-
degradation reached on photodegraded EVA are
higher than the obtained for polyethylene by Hadad
et al.39 and by us18 using the same bacterial strains,
where LDPE mineralization extents reached values
of 11.5% with B. borstelensis and 7–10% with the mix-
ture of Bacillus (MIX).

The percentages of mineralization reported here
show that the mixture of Bacillus MIX and the bacte-
rium B. borstelensis were able to use photodegraded
EVA films as the sole carbon source. The nature of
EVA in VAc content is important in comparison to
polyethylene but the presence of metals and the
extent of abiotic degradation of the materials will be
crucial to allow a second step in the biodegradation
process. We believe that the key factors will be the
selection of the microorganisms and the control of
the bioassay conditions. It is clear that the presence
of random vinyl acetate co-monomer in the polyeth-
ylene chain increases the biodegradation extent
because of the effectiveness of deacetylation and
photo-oxidation processes. The presence of pro-oxi-
dants in the EVA formulations could be an interest-

ing way to prepare more efficient biodegradable
materials.

CONCLUSIONS

The photodegradation of EVA films after 432 h of
irradiation produced notable changes on the ATR-
FTIR spectra. Carbonyl Indexes evolution after irra-
diation confirmed the growth of ketone carbonyl
structures (1715 cm–1) and the appearance of a new
band assigned to a lactone generation (1780 cm–1).
Simultaneously, a decrease on the ester (acetate)
absorption band (1735 cm–1) was observed. The
presence of calcium and iron stearates increased the
differences of CIs after photodegradation confirming
the efficient pro-oxidant effect of these additives.
Photodegradation produced drastic changes on

the Chemiluminescence (CL) emission profiles and
CL-temperature curves shifted towards lower tem-
peratures and, in particular, when both stearates are
present in the EVA-formulations. Under oxygen, iso-
thermal CL-curves of EVA films exhibited double
stage of oxidation, typical of polyethylenes.
EVA films were studied by DSC and photodegra-

dation induced a slight growth in the overall crystal-
linity due to a re-arrangement or recrystallization
during ageing. The Oxidation Induction Times deter-
mined by DSC confirmed the lower stability of the
films containing pro-oxidants.
In the thermograms obtained by TGA, two weight

loss steps were observed. The first stage under
400�C, includes deacetylation in the VAc units and,
the second one, in the interval 400–520�C is due to
decomposition of the material by chain scission. In
the photodegraded EVA films deacetylation was
accompanied by decomposition of other unstable
structures. The molecular weight of the films sam-
ples decrease after photodegradation. The presence
of Ca and Fe stearates produced a drastic reduction
on the Mw of the photodegraded EVA-films.
Biodegradation of photodegraded EVA films were

tested at 45�C during 90 days of bacterial treatment
with a mixture of Bacillus (MIX) and the bacterium
Brevibacillus borstelensis. The metabolic action of both
series of experiments showed a marked reduction in
the amount of carbonyl groups estimated in terms of
Carbonyl Indexes determined by ATR-FTIR. This
bacterial consumption of carbonyl group functional-
ities on photo-oxidized EVA can be attributed to the
preferential microbial assimilation of ester/carbonyl
compounds formed during photodegradation. After
90 days of biodegradation by the mixture of Bacillus
MIX, the molecular weight distribution determined
by GPC analysis shift toward low molecular weight,
and in particular in the case of EVA-Fe.
The product extracted and identified form EVA

films using GC–MS, were present at relatively high

Figure 10 Percentage of carbon mineralization at 45�C,
determined from carbon dioxide measurements in the bio-
degradation of EVA films by the mixture of Bacillus, MIX,
and B. borstelensis.
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concentrations in photodegraded EVA containing
pro-oxidants, but after bacterial treatment, low mo-
lecular-weight products were almost absent and at
the level of the initial EVA. Bacteria studied in this
work employed extractable low-molecular weight
compounds as nutrients.

Mineralization of photodegraded EVA-films was
studied by determining the carbon dioxide produced
in the metabolic action of bacteria, using indirect im-
pedance technique. No significant differences were
found between both series of bioassays using B. bor-
stelensis and the mixture of Bacillus MIX. Biodegrada-
tion by these bacteria exhibited a drastic difference
between the pure photodegraded EVA film (around
15% of biodegradation after 90 days) and the corre-
sponding materials containing Ca and Fe pro-oxi-
dants (23–26% of biodegradation after 90 days).

The results obtained in this work confirm that the
presence of random vinyl acetate co-monomer and
the addition of pro-oxidants in the polyethylene
chain increase the biodegradation extent because of
the effectiveness of deacetylation and photo-oxida-
tion processes.

Also, one of the authors C.A. thanks MICINN for a Ramon y
Cajal contract.
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