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Obstract

The accumulation of polymeric residues has been one of the most impacting environmental problems in recent human 
history, coming, above all, from disposable artefacts, such as plastic bags. Processing polyolefins with pro-oxidant 
additives is an alternative to favour the abiotic degradation process of macromolecules, including thermooxidation, so 
that the oxygenated fragments produced can be assimilated by microorganisms. The objective of this work was to evaluate 
the process of thermomechanical oxidative degradation of polyethylene (PE) during tubular extrusion of HDPE/LDPE 
films, without and with 1% of two different pro-oxidants, d2wTM and benzoin. The results of viscosimetric and MFI 
analyses indicated smaller chain sizes in the additivated films. The FTIR spectra and contact angles indicate a higher 
presence of polar functional groups in the samples with pro-oxidants. The surface morphological analysis by SEM 
indicated difference of PE homogeneity in the films. Benzoin, however, proved to be a better pro-oxidant than d2wTM.
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1. Introduction

The use of polymeric materials has been growing 
worldwide since the 1940s, replacing the use of metals, 
ceramics and wood in many industrial branches[1-3]. Parallel 
to this, a major environmental problem regarding the use 
of this class of materials arises: the accumulation of plastic 
waste in the environment (soil, rivers and oceans) due to 
incorrect and unconscious disposal, especially of disposable 
items, such as plastic bags, sacks, cups and bottles[3-5]. Due to 
their low specific masses, easier processing and low cost, 
petrochemical resins are the most widely used and are also 
the most difficult to degrade, including PE[6-10], which plays 
an important role in the largest volume of plastic waste.

An alternative to solve the environmental problem 
would be the use of biodegradable polymers, which are 
macromolecules that can be cleaved by the action of biological 
enzymes of microorganisms (fungi, bacteria and algae) and 
subsequently used as nutrients for the growth of colonies, 
provided in the appropriate environmental conditions[11,12]. 
Thus, biodegradable polymers are returned to the environment 
as gaseous compounds and salts, such as CO2, H2O, CH4, 
depending on the presence or absence of oxygen, in a process 
called mineralization[13]. Biodegradable polymers, however, 
are more expensive and difficult to process, which hinders 
their use when compared to petrochemical resins. Besides 
this, when they are low cost, they are not applicable to the 

required purpose, due to the absence of some property, 
generally mechanical[14].

Another, more viable option would be the use of oxo-
biodegradable polymers, which are petrochemical resins 
processed with a pro-oxidant additive[15-17]. Pro-oxidant additives 
are responsible for favouring the abiotic degradation of the 
polymer, mainly by thermooxidation and photodegradation, 
with production of oxygenated fragments of lower molar 
mass that can be assimilated by microorganisms, a biotic 
process[18-20]. In general, they are organic salts of transition 
metals, mainly stearates of Fe, Co and Mn[20-25]. But organic 
pro-oxidants have been investigated, such as benzoin, which 
showed promising results in the abiotic degradation of 
polypropylene (PP)[26] and PE[27].

However, during polymer processing, as in the tubular 
extrusion process, the polymer is subjected to high shear 
rates and high temperatures when passing through the 
barrel, which can be initiators of the degradation process 
that, in the presence of O2 from air, can be called oxidative 
thermomechanical degradation. The present work is aimed 
at evaluating how the presence of pro-oxidant additives, one 
based on organic salts of transition metals (d2wTM) and another 
totally organic (benzoin), influence the thermomechanical 
oxidative degradation of PE during processing by tubular 
extrusion to obtain films. The films were evaluated by 
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 dilute solution viscosimetry (DSV), with determination of 
viscosity average molar mass; Fourier-transform infrared 
spectroscopy (FTIR) and carbonyl index determination; 
flow index (MFI); contact angle and scanning electron 
microscopy (SEM).

2. Materials and Methods

2.1 Materials

High density polyethylene (HDPE) grade HE-150, with 
MFI of 1.0 g/10 min (190 ºC/ 2.16 kg), and low density 
polyethylene (LDPE) grade EB-853/72, with MFI of 2.7 g/
min (190 ºC/ 2.16 kg), both produced by Braskem (Brazil), 
were used in this work. d2wTM pro-oxidant additive in 
masterbatch form with low density polyethylene (LDPE) 
as a base polymer, produced by Symphony Environmental 
(United Kingdom). Benzoin with a purity grade above 99%, 
produced by Merck KGaG (Germany). Decahydronaphthalene 
(Decalin) produced by Neon.

2.2 Obtaining films by tubular extrusion

According to Table 1, the HDPE and LDPE blend, in 
mass proportion of 90 and 10%, respectively, was processed 
without and with 1 wt.% of pro-oxidants. The mixture was 
properly homogenized for processing.

The blown films, with an average thickness of 30 μm, 
were obtained by tubular extrusion in a Seibt (Brazil) single-
screw extruder, model ES 35-FR, with 5 heating zones, using 
the following temperature profile: 120/150/175/185/210 ºC, 
from zones 1 (feed) to 5 (die).

2.3 Characterization

2.3.1 Dilute Solution Viscosimetry (DSV) and Viscosity Average 
Molar Mass ( )Mv

In determining the viscosity average molar mass ( ) Mv , 
the dilute solution viscosimetry technique was used. Five 
PE solutions were prepared at concentrations of 0.2, 0.4, 
0.6, 0.8 and 1.0 g/dL for each film analysed, using decalin 
as solvent. The solutions were obtained, one by one, by 
determining the mass needed to prepare 25 ml of each 
of the concentrations mentioned. The dissolution of the 
polymer took place under stirring and at 140oC for one hour. 
The viscosities of the solutions were measured in a Cannon-
Fenske viscometer (no 50) with an internal capillary diameter 
of 0.44 mm. The procedures were carried out according to 
ASTM D445 and ASTM D446. The analyses were performed 
with the viscometer immersed in a thermostatic silicone oil 
bath of SOLAB brand, Model SL 150, at 135.0 ± 0.1ºC[28].

First, the relative viscosities were calculated. Subsequently, 
the reduced specific (ηesp/C) and inherent viscosities (ln ηrel/C) 

of each one of the solutions were determined. Plotting the 
graphs of such viscosities versus concentration, the intrinsic 
viscosity of the PE used in the preparation of the solutions 
was determined, from the extrapolation of the straight lines 
obtained by linear regression when the concentration tends 
to zero. The values found for the two straight lines tend to 
the same value and, for this reason, their average was used 
as intrinsic viscosity ([η]). For the determination of  Mv of 
PE, the Mark-Houwink-Sakurada equation was used, which 
relates the intrinsic viscosity ([η]) and the viscosity average 
molar mass ( )Mv , as presented in Equation 1:

( ). 
a

kη =   Mv  (1)

The α and K constants were 0.7 and 62 x 10-5 dL/g, 
respectively[28]. The films evaluated are made of a mixture 
of HDPE and LDPE, i.e., both PE. As per the literature 
reference, the viscosimetric constants used are for PE, 
without distinction among its variations (whether HDPE, 
LDPE or LLDPE, for example).

2.3.2 Melt Flow Index (MFI)

The tests for determining the PE flow index of HDPE/
LDPE films with and without pro-oxidant additives were 
performed in the CEAST modular MeltFlow plastomer 
equipment, Model 7026.000, according to method A of 
ASTM D1238. The conditions used were 190 ºC/ 2.16 kg, 
with a residence time of 420 seconds and time between 
cuts of 60 seconds, with a total test time of 900 seconds 
for each sample.

2.3.3 Fourier Transform Infrared Spectroscopy (FTIR) and Carbonyl 
Index (CI)

To investigate the changes in the chemical structure 
of the films, especially the appearance of new functional 
groups due to oxidation, the FTIR analysis was performed 
in Perkin Elmer equipment, Frontier model, according to 
ASTM E1131. The films were evaluated in the ATR (Total 
Attenuated Reflectance) mode and the spectra obtained at a 
controlled ambient temperature of 25ºC, air humidity of 30% 
and in an absorption region ranging from 4000 to 650 cm-1, 
with 10 scans for each sample analysed. From the spectra, the 
carbonyl indices (CI) were calculated. The poorly variable 
absorption band peak was adopted as that at 1463 cm-1[29], 
and the limits between 1468 and 1450 cm-1 (A1468-1450) were 
integrated. The absorption peaks of carbonyls adopted to 
verify the degree of PE oxidation were of esters and carboxylic 
acids (1300-1050 cm-1) and lactones (1780-1770 cm-1), 
and the limits between the adopted bands were integrated, 
named A1300-1050 and A1780-1770

[25,30], respectively. The CI was 
calculated from Equation 2:

( )1300 1050 1780 1770 1468 1450    /  CI A A A− − −= +  (2)

2.3.4 Contact angle

The contact angle test was performed using deionized water 
as the liquid, according to ASTM D7334-08. The analysis 
allows the determination of the substrate (film) hydrophilicity 
or hydrophobia. For each film, 10 repetitions were made, in 

Table 1. Mass composition of the HDPE/LDPE films.

Sample HDPE/LDPE 
(90/10) (wt. %)

Benzoin
(wt. %)

d2wTM

(wt. %)
PE_Pure 100 - -
PE_OM 99 - 1

PE_ONM 99 1 -
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which drops of water were placed on the surface. The images 
were obtained from a Knup microscope, model Kp-8012, and 
the contact angles determined from the Surftens 4.3 software 
for 3 seconds and 3 minutes.

2.3.5 Scanning Electron Microscopy (SEM)

The surface morphologies of the samples were obtained 
by scanning electron microscopy soon after processing by 
tubular extrusion, in a Jeol instrument, model JSM6510LV. 
The films were metallized with gold in a standard procedure 
in the Denton Caccum metallizer, model Desk. Micrographs 
were obtained with electron beams at 10 kV energy and 
magnifications of 1500 and 5000x.

3. Results and Discussions

After processing, the samples were characterized to 
evaluate the influence of the pro-oxidant on the process 
of thermomechanical oxidative degradation of PE during 
extrusion of the blown films.

3.1 Evaluation of ( )Mv  and MFI

The intrinsic viscosity ([η]) of the PE was determined 
for each of the samples and is shown in Table 2.

From the Mark-Howink-Sakurada equation (Equation 1), 
the Mv  of the PE in the evaluated films were determined, 
presented in Figure 1-a. In Figure 1-b, the MFI results of 
the evaluated films are presented.

In Figure 1-a is possible to observe a decrease of Mv  of 
the PE in the films extruded with the pro-oxidants if compared 
to the film without additives. The presence of the additives 
led to higher rates of chain scission and, consequently, a 
reduction in molar mass, indicating a greater degradation 
process of the polymer[31,32]. The PE scission process was 
more intense in the presence of benzoin than for d2wTM, 
since the PE molar mass reduction in the PE_ONM film 
was higher than in the PE_OM film.

The MFI values, in Figure 1-b, indicate that there is a 
greater difficulty in the flow of the molten PE macromolecules 
in the PE_Pure film, possibly due to their larger size compared 
to the films containing pro-oxidants. The PE_ONM film 
containing benzoin, on the other hand, showed higher MFI, 
indicating higher fluidity and lower viscosity of the molten 
polymer, compatible with the lower Mv of the sample and for 
which there is higher mobility, possibly due to the presence 
of smaller chains size and less likelihood of entanglement. 
The PE_OM film showed MFI with intermediate value, 
compatible with its Mv.

It can be seen that there is a coherent correlation between 
the Mv and the MFI, since the reduction of the Mv is followed 
by an increase in MFI, indicating with the PE with smaller 
chains size has higher flow when melted, observed for the 
PE_ONM film. The opposite is also true, i.e., the PE in the 
PE_Pure sample, with higher Mv, has the lowest flow when 
melted, hampered by the larger size of the polymer chains.

3.2 FTIR

Figure 2-a shows the FTIR spectra, between the 
2000 and 1500 cm-1 bands, of the PE films just after 
processing by tubular extrusion. It is possible to observe 
that all samples present peaks between 1780 and 1700 cm-

1, which indicates that the PE, in all samples, suffered 
oxidation during processing, with formation of oxidized 
products, such as esters, ketones, aldehydes, lactones and 
carboxylic acids(25, 34). Visually, the PE_Pure film presents 
lower peaks, mainly at 1780 and 1712 cm-1. The PE_OM 

Figure 1. Properties of the evaluated samples: (a)  Mv, (b) MFI.

Table 2. Intrinsic viscosity ([η]) of PE in the samples evaluated.

Sample [η]1* [η]2** [η]f***
PE_Pure 1.5185 1.5651 1.5418
PE_OM 1.3812 1.4873 1.4342

PE_ONM 1.2376 1.4336 1.3356
*obtained of graph ηsp.red versus C; ** obtained graph ηinehr versus C; 
*** average intrinsic viscosity of [η]1 and [η]2.
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film presents well defined peaks at 1712, 1723, 1730 and 
1780 cm-1, indicating that the d2wTM additive favoured 
autooxidation. The PE_ONM film presents a clear peak 
at 1780 cm-1, suggesting that benzoin favoured PE 
autooxidation, however, the peak at 1723 cm-1 is overlap 
with the 1730 cm-1 peak, emphasizing that benzoin has 
a ketone group in its structure and, for this reason, the 
production of fragments containing esters and carboxylic 
acids groups was considered, observable in Figure 2-b, 
FTIR spectra, between the 1400 and 1000 cm-1, in which 
it is possible to observe that there is production of these 
oxygenated fragments in all samples. Visually, the PE_
ONM film presents peak broadening between 1300 and 
1250 cm-1, as well as between 1150 and 1100 cm-1, when 
compared to the other two films, which suggests a higher 
degree of oxidation. The PE_OM film, when compared to 
PE_Pure film, presents wider and deeper peak between 

1100 and 1050 cm-1. However, it was decided to discuss 
the oxidation degree of the samples by the CI evaluation.

Using Equation 2 and the Origin 8.5.1 software, the CI 
values for the samples were calculated and are shown in 
Figure 3. The different CI values indicate unequal degrees 
of oxidation of the PE in the samples during the extrusion 
process, favoured by exposure to high temperatures and high 
shear rates in the presence of O2 from the air[33,34].

In the case of the samples evaluated, the presence of 
carbonyl groups is evident in all, indicating that the PE 
suffered oxidation, producing, among others, carboxylic 
acids, esters, and lactones[15,19,20,34]. However, the CI value 
is higher for PE_ONM and PE_OM. Comparing only the 
CI values, benzoin and d2wTM showed equal efficiency in 
accelerating PE autooxidation by thermooxidation, since 
the index values are similar.

Figure 2. FTIR spectra of the evaluated samples: (a) between 2000 and 1500 cm-1, (b) between 1400 and 1000 cm-1.

Figure 3. Carbonyl index of the samples.
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3.3 Contact angle

Another way to confirm the presence of functional groups 
is through the contact angle. Figure 4 shows the images of 
the water droplets on the surface of the films, in which it is 
possible to visualize the differences between the contours 
of the droplets and the contact angles for each of the films. 
It can be seen that the droplet on the PE_ONM sample 
(Figure 4-c) is more spread on the surface than the others, 
indicating that its surface is more hydrophilic.

The average surface contact values of the films of the 
evaluated samples are shown in Figure 5. The results found 
indicated that the PE_Pure film is the most apolar, with the 
largest contact angle, consistent with its low oxidation rate, 
if considered the CI value. The PE_OM film, is the second 

most apolar, with small reduction of the contact angle value, 
if compared to the PE_Pure film.

The reduction of the contact angle is possibly due to the 
greater insertion of carbonyls in the polymer chain, which 
changed its polarity. The PE_ONM film showed a marked 
reduction in the contact angle value compared to the other 
two films. Besides the insertion of carbonyl groups, the 
film also presented a higher concentration of hydroxyls 
(-OH), capable of establishing hydrogen bonds with water 
and reducing the contact angle presenting, therefore, the 
lowest value. The contact angle reduction indicates the PE 
degradation process in films additivated with pro-oxidants, 
with insertion of hydrophilic functional groups[35]. Benzoin, 
besides catalyzing the degradation of PE, altered the film 
surface by the insertion of hydroxyls in its structure.

Figure 4. Images of deionized water droplets arranged on the analysed films: (a) PE_Pure; (b) PE_OM; (c) PE_ONM.

Figure 5. Contact angle of the evaluated samples.
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3.4 SEM

The micrographs obtained to evaluate the surface 
morphology of the samples evaluated are presented in 
Figure 6 and in them it is possible to observe differences 
that indicate that the processing of PE, with and without 
pro-oxidant additives, leads to structural changes in the 
extruded films.

The film PE_Pure presents the highest surface homogeneity, 
while the film PE_ONM presents irregularities, possibly 
due to the presence of the polar chemical agent, benzoin, 
which hindered a better dispersion of the apolar polymer. 
The PE_OM film presents morphological variations with 
the appearance of agglomerations, which not indicate a 
total dissolution of the masterbatch containing the additive, 
whose processing took place in a single-screw extruder. 
Initially, these alterations only point out that the different 

organizations of the macromolecules may favour an increase 
in the fragility of the films for subsequent uses.

4. Conclusions

The tubular extrusion process is characterized by exposure 
of the polymer to high shear rates associated with high 
temperatures, and in this study, PE with pro-oxidants had its 
degradation accelerated, increasing the rate of scission and 
oxidation of the macromolecules. The benzoin pro-oxidant 
accelerates this degradation more markedly compared to the 
d2wTM additive, as it led to a greater reduction in the Mv  of 
the polymer evaluated. The structural changes in PE observed 
in this work need to be considered when using pro-oxidant 
additives to obtain oxybiodegradable PE, since they can alter 
important characteristics of a plastic artifact produced from 
it, such as disposable bags, reducing its shelf life.

Figure 6. SEM images of the samples: (a) PE_Pure – 1500 x; (b) PE_Pure – 5000 x; (c) PE_OM – 1500 x; (d) PE_OM – 5000 x; (e) 
PE_ONM – 1500 x; (f) PE_ONM – 5000 x.
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