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ABSTRACT

The wide use of plastics on packages of shortiifetproducts has presented harmful consequencethdor
environment due to their low degradation rate. Bis tway, improved results to the bio-assimilatioh o
polyolefins have been achieved by the incorporatibipro-oxidant components. The aim of this workias
evaluate the mechanical and thermal behavior ofdewsity polyethylene (LDPE) modified by those agen
and submitted to ionizing radiation by gamma r&yBPE was modified using a masterbatch containingwa
stearate (CaSt), or magnesium stearate (MgSt) ana@t® commercial metallic complex. The final ambof
stearate in modified LDPE was 0.2%. The films waiéained by compression molding. Samples were gamma
irradiated at absorbed doses of 15 kGy and 100 kGijferential scanning calorimetry (DSC) and
thermogravimetry (TG) were performed on sampleswai as mechanical analysis by universal testing
machine. Thermal properties of samples presentiogipgradant agents were affected by the ioniziuliation

in the dose range studied, and some of the medigmaperties were clearly modified by reducingitivalues

of tensile strength at break and elongation atlbrea

1. INTRODUCTION

Plastics have been applied in the large majorityshbrt-life products due to some

characteristics of these materials e.g. low speeiight, mechanical resistance, a trouble-
free processability and considerable durability. @lariqui and collaborators still consider

that resistances to both photo-oxidative degradadiod microbiological attack have leaded
the polymeric materials to a highlighted positiarthe transformation industries [1].

By another side, the great number of polyolefimoducts has caused harmful consequences
to the Nature due to the low degradation ratesheshcby these products after their
inappropriate discharging [2-5].



As described by Stromberg and Karlsson [6], thedstr part of the collected plastic
municipal solid waste fraction is consisted of pagikg materials, specially polypropylene
(PP) and polyethylene (PE). In terms of sustaina@eelopment, the recovery of plastic
waste by means of mechanical recycling has seembd & favorable technique [6], but the
difficulties on separating the large varieties stic found on the waste is largely affecting
its economical viability.

By this way, the degradability of polyolefins haseh studied [6-12]. In polymer science, the
process of degradation is defined as the converdionacromolecules into products of low
molecular weight [6], which can be easily assinethtoy microorganisms present in the
environment, known as biodegradation [13-14].

Koc¢c and collaborators [15] evaluated the oxidatthermal degradation of low-density
polyethylene (LDPE) in a semi-batch reactor systéemi it was found that this process is not
spontaneous even if it requires lower energy tlmmoxidative degradation processes.

Hasan and collaborators [16] analyzed the degratyabf samples of LDPE after submitted
to both photo (exposure to UV light) and chemiaatposure to nitric acid) treatments. By
means of Fourier transform infrared spectroscodyRl;, it was observed that in case of UV
and nitric acid treated LDPE, peaks appeared ab twi* and 831 cnf, which were then
reduced after microbial treatment, indicating bdeakn of polymer chain. It was also
verified that UV-nitric acid and microbial treatnmemduced oxidation reactions which
enhanced and accelerated the biodegradabilityafatdDPE pieces, showing a synergistic
effect.

In this context, the use of ionizing radiation t@dify polymeric structures leads to the
formation of very reactive intermediates, suchras fadicals, ions and excited states. These
intermediates can follow several reaction pathsicwhesult in disproportion, hydrogen-
abstraction, arrangements and/or the formationes¥ bonds. The ultimate effect of those
reactions can be the formation of oxidized produstgssion of main chains or cross-linking.
The degree of these effects depends on severakr$asiuch as the structure of the polymer
and the conditions of treatment before, during after irradiation [17].

Fig. 1 presents the main processes that irradwgelefins may undergo. lons created in a
given spur quickly recombine with electrons, legdio a second population of electronically
excited molecules in addition to those createdctliyein the same spur as a result of
secondary electrons. A fraction of the excited mwles dissociate into free radicals, the
reactive species mainly responsible for the dedi@uaccurring when polymers are exposed
to gamma radiation. For dissociation events inv@gvnain-chain scission, the low mobility

of the resulting macromolecular radical pair fageminated recombination [18].
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Figure 1. The main entities formed in irradiated pdyolefins [19].

According to Charlesby [20], many of the changeseobed are not completed when
irradiation is stopped but continue progressivargroperiods of weeks. This behavior may
arise from the reaction of residual radicals in #ystem, from oxygen attack on these
radicals, from progressive fracture of bonds dumtiernal stress set up by occluded gases or
from the slow rate of diffusion to the surface loé¢ tgases. The induction of formation of free
radicals by means of radiation is a useful to@doelerate the polyolefinic degradation.

Oliveira and collaborators [21] analyzed the inflae of electron-beam irradiation (EB) on
mechanical properties of multilayer packaging mateibased on polyolefins (e.g. LDPE, PP,
PET) under doses up to 120 kGy, verifying an ingirega on tensile strength at break and
elongation at break whereas the penetration arlthgeasistance decreased.

The usage of substances that catalyze the thempiato-oxidative degradation, known as
pro-degradant agents, which are generally compbgddansition metals (e.g. zinc, copper,
cobalt, manganese etc), has been evaluated by sarters [22-26]. Bikiaris and
collaborators [22] studied the effect the use dfatbstearate in LDPE/starch blends whereas
Roy [23] evaluated the influence of the latter dgenhe degradation of LDPE films.

Li [24] observed that the incorporation of lanthemwxide on LDPE has increased the
latter’s on-set temperature, when submitted tontlogravimetry (TG), although it has not
affected the main chain scission of the polymerjctvhindicates that thermal-oxidative
stabilization is more related to oxygen atmosplieae to presence of the oxide.

Chiellini and co-authors [25] evaluated the inflaerof different proprietary pro-degradant
systems in LDPE, and verified that they were effecin inducing the oxidative degradation
of the polymer backbone. It was also observed ttiatrate of degradation directly depends
on the temperature where higher mass loss is asghiev higher temperatures. This was
accompanied by the production of low molar massdiped fractions, which become
vulnerable to microorganisms in biodegradation stesiue to their wettability and
functionality.

In another study, Magagula and collaborators [2&]fied the potentiality of MsAl-LDH-
stearate and GAIl-LDH-stearate to be applied as a pro-degradartDPE samples. These
additives were incorporated into blown polyethyldihms via a 10% masterbatch and then
the films were subjected to accelerated ageing @U& weatherometer. It was found that
both additives were effective to promote the phetpddation, especially because of 100 h of
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QUV exposure was sufficient to cause mechanicalrigtieiment of films containing as little
as 0.1% of either active additive.

By this way, the objective of this paper is to exé the presence of pro-oxidant agents on
low-density polyethylene (LDPE) and its mechan@adl thermal behavior after submission
to electron beam (EB) irradiation processing.

2. EXPERIMENTAL
2.1. Materials

Low-Density Polyethylene (LDPE) — supplied as gslley Zaraplast S.A. (S&do Paulo, SP,
Brazil), with density of 0.923 g/ch{ASTM D-1505) and melting flow index of 22 g/10min
(ASTM D-1238).

CESA-BIO PEA0420086-ZN pro-degradant additive (ndmmm this paper, Clariant) —
supplied as pellets by Clariant S.A. (Sao Paulo B&&xil).

Calcium stearate (CaSt) — in the form of powdeppsied by Dacarto Benvic S.A. (Diadema,
Sé&o Paulo, Brazil).

Magnesium stearate (MgSt) — in the form of powh#r200604295, produced by The Spherd
Chemical Company and supplied by AMC do Brasil Li&ho Paulo, SP, Brazil).

2.2. Films preparation

In the first part of the process, masterbatchesagang LDPE and calcium stearate (CaSt),
or magnesium stearate (MgSt) or Clariant commeroi@lallic compost, in a proportion of
80/20 (wt. LDPE/ wt. stearate), were obtained blyuesston with temperatures in the range of
170-190°C. Later on, a new fraction of raw LDPE waggregated to the masterbatches to
obtain the desired modified LDPE containing profdei@nt agents in a final proportion of
0.2%. Films were obtained by a thermostatized cesgion molder model MA-098
(Marconi Equipamentos e Calibracdo para Laboratdrtda., Piracicaba, SP, Brasil) under a
temperature of 190°C * 5°C and then cooled to reonperature.

2.3. Irradiation procedure

Samples were irradiated with gamma rays ff88p source at a dose rate of 10 KBy and
absorbed doses of 15 kGy and 100 kGy under air sgiheve. These doses were performed
after considering that the gamma irradiation is exyveffective treatment to promote
structural modification in polymers.
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2.4. Mechanical analysis

Plates (200 mnx 200 mmx 1.0 mm) were prepared by compression molding spd tV
specimens (ASTM D-638/99) were stamped with a egttool. The tests were performed
using a model DL 2000 NS 5921 universal testinghimeec(EMIC Equipamentos e Sistemas
de Ensaio Ltda., Sdo José dos Pinhais, PR, Brd#ig. control program used was Tesc
version 3.01 and the load cell had a capacity ckdfOThe specimens were 25 mm long and
the speed of stretching was 50 mm-tnifihe values are the average results + standaod err
of 10 determinations.

2.5. Thermoanalytical investigations

Thermal behavior of samples was studied by thermogretry (TGA) and differential
scanning calorimetry (DSC). TG curves were obtainesing a TGA/SDTA851
thermobalance from Mettler-Toledo. Sample massebobit 10 mg were set in alumina open
crucible and then heated from°25to 900C at a heating rate of 4@min™ under dynamic
air atmosphere (50 miin™). DSC measurements were carried out on a DSTBafh
Mettler-Toledo. Sample mass of about 10 mg wasnsaluminum crucible with pierced lid
and then heated from %5 to 150C at a heating rate of ¥O'min™ under dynamic nitrogen
atmosphere (50 miin™). For all studied samples, it was recorded a migkry thermal
cycle in order to remove previous thermal history.

3. RESULTS AND DISCUSSION

Fig. 1 presents the average values for tensilengtineat break, elongation at break and
Young’s modulus for pristine LDPE and its modifioats, before and after gamma
irradiation.

Tensile Strength at Breeak (MPa)
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Figure 2. Mechanical properties of pristine LDPE aml pro-degradant-modified LDPE,
non-irradiated and gamma-irradiated samples: (a) taesile strength at break, (b)
elongation at break and (c) Young’'s modulus.

By Fig. 2, it can be seen that incorporation ofedd@nt metallic compounds to LDPE has
slightly modified the polymer mechanical properties supported by Osman et al [27],
suggesting that processing of materials (extrusi@s) not promoted premature degradation
reactions, which might have been induced by thesgounds.

By another hand, gamma radiation, in the studiesegiohas meaningfully affected these
properties due to radiation to be able to randoprlymote either cross-linking or chain
scission of the main polymer backbone, as repdogedome authors. In this case, chain
scissions can be observed for samples submitt@8 ké>y whereas cross-linking is observed
on the highest dose, indicating that the long eitjpostime allows the polymeric chains to
reorganize and, by this way, to create cross-liskadhis indicates that metallic stearates
reduce the susceptibility of LDPE undergo chairsson in higher doses, as described by
Suarez et al. [28].

LDPEwgs: has presented the highest reduction on tensimgiin at break when 15 kGy-
irradiated and the highest increasing when 100 kfayliated (Fig. 2(a)), and the commercial
pro-degradant agent has presented the lowest defd®in reorganization of all evaluated
samples when 100 kGy-irradiated (Fig. 2(c)).

Table 1 presents the melting temperature for LDPRPH #&s modifications, with/without
gamma irradiation.

Observing Table 1, it is possible to verify that lting temperature (J) for LDPE
corresponds to the ones mentioned at literaturetlaaidthis value is greatly dependent on
density and branching degree of the polyolefin [29]



The incorporation of pro-degradant agents hasememal, increased the, of LDPE. Roy et
al. [30] said that this increasing is due to alierss on the chain length promoted by some

cross-linking reactions.

When the samples were submitted to gamma radiatiomas seen a reduction on, by
increasing the radiation doses, in the studiedeamglependent of the pro-degradant agent
added to polymer. As described by Stojadati al. [31], the total effect of radiation induced
changes depends upon the relation between the-lanksgy and chain scission reactions. In
other words, cross-linking in the amorphous regianses a decrease in the melt entropy by
configurational constraints, thus increasing theltingg temperature, whereas the chain
scission reactions cause a decrease in the médtimgerature by increasing the melt entropy.

Table 1. Melting temperature for LDPE and modified LDPE samples before and after
gamma irradiation

Melting temperature (°C)
Material I N I
Non-irradiated | 15kGy-irradiated 100kGy-irradiated
LDPE 105 105 105
LDPEcariant 106 106 105
LDPEcast 114 113 110
LDPEmgst 113 111 110

Fig. 3 presents the TG curves for LDPE and its fications, with/without gamma
irradiation.
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Figure 3. TG curves from (a) non-irradiated LDPE ard its modifications, (b) non-
irradiated and irradiated LDPE casy, (€) non-irradiated and irradiated LDPE mgs: and (d)
non-irradiated and irradiated LDPE ¢ariant -

By Fig. 3(a), it can be seen a slight reductiorif@non-set degradation temperature for LDPE
when metallic compounds were incorporated to itatdorresponds to oxidative degradation
reactions of LDPE and other polymers [23, 26, BRthis context, Magagula et al. [26] said
that a free radical may form on the polymer duthtoeffects of heat. The free radical rapidly
combines with available oxygen to form a peroxyicald This subsequently abstracts labile
hydrogen from a nearby polymer chain, regeneratiegoriginal chain free radical and
resulting in a hydroperoxide. Under the influentéeat the latter cleaves to form two
additional free radicals. This chain reaction causgid proliferation of free radicals that
ultimately results in polymer chain scission takpigce that leads to a loss of desirable
polymer properties.

Analyzing both Figs. 3(b) and 3(c), it is possitdeobserve that both LDREsiand LDPEygst
presented a similar thermal behavior, indicatireg ttamma irradiation caused chain scission
and cross-linking in LDPE. It can be also suggested 15 kGy-irradiated samples mainly
suffered chain scission whereas 100 kGy-irradidiad presented both mechanisms, but
cross-linking in higher intensity. Curves of FigdBshow that kinetics of the first step of
thermal degradation is highly affected by the iasreg of radiation dose.

3. CONCLUSIONS

The incorporation of pro-degradant agents has neammgfully affected the evaluated
mechanical and thermal properties of LDPE. On ttieerohand, the irradiation process
greatly influences these behaviors of the pro-diggreadded samples, thus reducing their
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thermal stability. Additionally, the higher is thésorbed dose in the studied range, the higher
is the temperature of the second step of therngrldation and its kinetics.
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