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Abstract 

There is a growing awareness of the risks of pollution in biological systems and one 
potential problem is the synthetic antioxidants, used for e.g. the stabilisation of polymeric 
materials. Natural antioxidants are an interesting alternative, if the high efficiency and 
thermal stability of the synthetic compounds can be reached. In the work described in this 
thesis, vitamin E (α-tocopherol) was studied as a natural antioxidant for the stabilisation 
of one of the major plastics, polyethylene (PE). The dependence of the surrounding 
environment for the efficiency of α-tocopherol in polyethylene (PE), throughout thermal 
aging, was characterised by sensitive techniques. Two techniques which have shown a 
high sensitivity in oxidation detection of polymers; chemiluminescence (CL) and gas 
chromatographic analysis, were compared with the commonly used methods, infrared 
spectroscopy (FT-IR) and thermal analysis. 
 
Three different additive systems were selected as active domains for α-tocopherol in PE. 
Two of these contained carboxylic acid groups, poly (ethylene-co-acrylic acid) (EAA) 
and polyTRIM/PAA core-shell particles (Core), and the third, oat starch, had no such 
groups. The additives containing carboxylic groups improved the long-term efficiency of 
α-tocopherol in PE, according to carbonyl index measurements made by FT-IR, while the 
additive without carboxylic acid groups gave no improvement. The amount of carboxylic 
acids emitted from the materials after thermal aging, assessed by head-space solid-phase 
microextraction (HS-SPME) and gas chromatography-mass spectroscopy (GC-MS), also 
showed that EAA increased the antioxidant efficiency of α-tocopherol, whereas the Core 
system showed lower antioxidant efficiency. Reference systems containing the synthetic 
antioxidant Irganox 1076 and EAA or oat starch had the same performance as the 
materials stabilised with only the antioxidants.  
 
CL measurements in an inert atmosphere (TLI) have earlier been shown to give earlier 
oxidation detection than carbonyl index measurements in unstabilised PE. In this work, 
the TLI analysis and the carbonyl index measurements had the same sensitivity in the 
detection of oxidation in the stabilised materials. 
Assessment of low-molecular weight carboxylic acids in PE during the aging was made 
by gas chromatographic analysis together with solid-phase extraction. Propanoic acid 
showed the best correlation with the carbonyl index measurements, even if the carbonyl 
index showed earlier detection of oxidation.  
It was also found that TLI and CL in an oxidative atmosphere (CL-OIT) had the same 
sensitivity and were in accordance for all of the materials, with exception of the materials 
containing EAA and α-tocopherol or Irganox 1076. CL-OIT was also compared to the 
oxygen induction time determined by thermal analysis.  
 
Keywords: α-tocopherol, Polyethylene (PE), Thermal aging, Infrared Spectroscopy (FT-
IR), Chemiluminescence (CL), Solid-phase microextraction (SPME) 



 

Svensk sammanfattning 

I ett hållbart samhälle krävs inte bara förnyelsebara resurser utan även biologiska system 
fria från föroreningar. Ett potentiellt problem är syntetiska antioxidanter, vilka används 
för att stabilisera polymera material. Naturliga antioxidanter är ett intressant alternativ, 
ifall de syntesiska antioxidanternas höga effektivitet och goda termiska stabilitet kan 
uppnås. Denna avhandling är fokuserad på sätt att förbättra effektiviteten hos den 
naturliga antioxidanten vitamin E (α-tokoferol) i ett av de mest använda plastmaterialen, 
polyeten (PE). Den långsiktiga effektiviteten hos α-tokoferol och dess beroende av 
omgivningen i PE karakteriserades med känsliga tekniker. Kemiluminescens (CL) och 
gaskromatografisk analys jämfördes med de vanligtvis använda teknikerna, infraröd 
spektroskopi och termisk analys.  
 
Tre olika tillsatssystem valdes till aktiva domäner för α-tokoferol i PE. Två av dessa 
innehöll karboxylsyragrupper, poly(eten-co-akrylsyra) (EAA) och polyTRIM/PAA core-
shell partiklar (Core), och den tredje, havrestärkelse, hade inga sådana grupper. 
Tillsatserna som innehöll karboxylsyragrupper förbättrade α-tokoferols långtids-
egenskaper, enligt mätningar av karbonylindex, medan tillsatsen utan 
karboxylsyragrupper inte gav någon förbättring. Mängden av korta karboxylsyror 
emitterade från materialen efter termisk åldring, analyserade med headspace 
mikroextraktion (HS-SPME) och gaskromatografi-masspektrometri (GC-MS), visade 
också på att EAA ökade α-tokoferols effektivitet, medan Core-systemet hade lägre 
effektivitet av antioxidanten.  
 
CL i en inert atmosfär (TLI) hade likvärdig känslighet som karbonylindex för 
oxidationsdetektion i stabiliserad PE, då antioxidanternas verkan i de stabiliserade 
materialen minskade både ökningen av hydroperoxider och karbonyler i dessa material. I 
icke-stabiliserad PE och i två andra, svagt stabiliserad material, så visade emellertid TLI 
tidigare detektion av oxidationen än karbonylindex mätningarna.  
Enligt den gaskromatografiska analysen så var ökningen i mängd av karboxylsyrorna 
relaterad till långtidsegenskaperna i materialen och propansyra hade den bästa 
överensstämmelsen med den uppmätta karbonylökningen, med avseende på alla 
materialen.  
TLI resultaten jämfördes även med CL i en oxidativ atmosfär (CL-OIT). CL-OIT 
överensstämde med TLI för alla utom de två material som innehöll EAA. CL-OIT 
jämfördes även med OIT utförd med termisk analys. 
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Purpose of the Study 

1 Purpose of the study 

In a sustainable society, not only must resources be used in a manner that allows them to 
be replenished by natural systems, but pollution in biological systems must also be 
avoided. One potential problem is the use of synthetic antioxidants for e.g. the 
stabilisation of polymeric materials. A possible replacement of these synthetic 
antioxidants in plastics with natural antioxidants has been discussed for many years. 
Unfortunately, problems arise in attempts to use natural antioxidants for the protection of 
plastics. Most of them have lower molecular weight and are less thermally stable than 
synthetic antioxidants.  
 
The aims with the work described in this thesis were to replace synthetic antioxidants in 
polymers with an efficient natural antioxidant, to optimise the antioxidant efficiency and 
to characterise the antioxidant efficiency by suitable characterisation techniques. The 
main issues addressed in this work were: 
 

• The effect of the environment surrounding the natural antioxidant vitamin E (α-
tocopherol) on its long-term efficiency in polyethylene (PE). α-tocopherol and PE 
were chosen as a model system since PE is one of the major plastics and α-
tocopherol has been shown to give good process stabilisation of polymers, but 
varying results in long-term stabilisation. 

 
• The use of sensitive methods for oxidation detection in stabilised materials. 

Besides the commonly used methods, infrared red measurements and thermal 
analysis, chemiluminescence and chromatographic techniques were selected, since 
they earlier have shown a high sensitivity in detection of oxidation. 
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Introduction 

2 Introduction 

2.1 Polyolefins 
Polyolefins is a collective name for hydrocarbon polymers, including polyethylene (PE) 
and polypropylene (PP). These are two of the most widely used plastics today and they 
account for more than half the total plastics world consumption, due to their low cost and 
their good properties. They are extremely versatile with a successful combination of 
properties including flexibility, strength, lightness and easy processability. Ethylene and 
propylene can be polymerised by different processes and, by modifying these processes, 
an extremely broad range of PE and PP products with different properties can be 
obtained. In the case of PE, the major products are low density polyethylene (LDPE), 
high density polyethylene (HDPE) and linear low-density polyethylene (LLDPE). 
Polymerisation to form LLDPE is often achieved by the Ziegler Natta process, which is 
carried out at a low pressure below 100 ºC, or by metallocen catalysts. Ethylene is co-
polymerised with a α-olefin (1-butene, 1-hexene or 1-octene) to introduce short chain 
branches in the polymer. This branching interferes with the ability of the polymer to 
crystallise, and this gives LLDPE a low-density and a crystallinity of about 20-60 % [1]. 
LLDPE polymerised by Ziegler Natta catalysts obtains varying branching content and a 
distribution between chains, together with a broader molecular weight than LLDPE 
polymerised with metallocen catalysts.  

2.2 Degradation and oxidation in polyolefins 
Degradation is initiated in the processing e.g. in the extrusion of a polymer when carbon-
carbon bonds in the polymer break due to high temperature (∆) and shear (θ), and 
unstable alkyl radicals (R*) are formed [2] (Scheme 1a). In an unstabilised material, the 
alkyl radicals lead to the formation of double bonds and new radicals, due to the low 
amount of oxygen available (Scheme 1b and c).  
 
                         ∆,θ 

a) R-H   R*

b)  R* + R-H   R-H + R*   
c) R1

* + R2
*  R1=R2 

d) R* + O2  ROO*     
e) ROO* + RH  ROOH + R*

 
Scheme 1 a) Initiation of degradation, b) and c) reactions during a lack of oxygen, d) formation of an alkyl 
peroxy radical, and e) formation of hydroperoxide (auto-oxidation). 
 
Oxidation in an unstabilised material starts in e.g. a film-blowing process directly after 
the extrusion and continues during the lifetime of the polymer. Thermo-oxidation of 
polyethylene is an autocatalytic process and proceeds via a free radical reaction in the 
presence of heat. The alkyl radicals react with oxygen (O2) (Scheme 1d and e). The 
uptake of oxygen leads to the formation of alkyl peroxy radicals (ROO*) in the chain [3]. 
This is known as auto-oxidation. This description of the oxidation in a solid polymer is 
derived from kinetic studies on homogeneous low-molecular hydrocarbon systems [4-6]. 
The alkyl peroxy radicals formed can abstract hydrogen from the PE chain by either an 
intramolecular or an intermolecular process to form a hydroperoxide. The hydroperoxides 
(ROOH) formed are unstable and decompose by heat or light to secondary hydroxyl and 
alkoxy radicals, and carbonyl groups are eventually formed [7] (Scheme 2a). The alkoxy 
radicals can abstract hydrogen or undergo chain scission to produce chain-end 
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intermediate products that rapidly oxidise to various degradation products [3].  Carbonyls 
are also formed when hydroperoxides decompose to aldehydes by β-scission [2] (Scheme 
2b).  
 

a)  ROOH  [ ROO* + OH*]  -(C=O)- + H2O 
b)   

 
 
Scheme 2 a) Formation of carbonyls on the polymer main chain through the decomposition of 
hydroperoxides, b) formation of carbonyls through β-scission.  
 
Both PE and PP are semi-crystalline materials with crystalline, amorphous (liquid-like 
phase) and intermediate domains (interface regions where defects are segregated upon 
crystallisation). Transport properties, diffusion of e.g. oxygen and permeability are 
strongly dependent on the degree of crystallinity. The crystalline regions are closely 
packed and are impermeable to most molecules. The oxidation of the material is therefore 
confined to the amorphous parts [8]. During thermal oxidation in PE, random chain-
scission and inter and intra-molecular transfer occurs. Holmström and Sörvik [9] have 
showed that chain-scission reactions dominate in the early stages of LDPE degradation at 
a high temperature whereas cross-linking gradually becomes more important with pro-
longed exposure times. 
The thickness of the material also affects the oxidation rate. In thick samples, the 
oxidation process is dependent on oxygen-diffusion whereas in thin samples the oxidation 
is essentially unaffected by diffusion effects. The molecular weight of a polyolefin is 
affected by oxidation. Generally both main-chain scission and cross-linking are induced. 
In the presence of oxygen, chain scission is the predominant reaction.  

2.2.1 Thermal oxidation   
Thermal acceleration tests are commonly carried out to determine the long-term 
properties of a polymeric material within a reasonable time frame. As shown in Figure 1, 
stabilised PP subjected to accelerated aging at temperatures of 60 to 120 ºC shows non-
Arrhenius behaviour. Non-Arrhenius behaviour means that a linear extrapolation of the 
induction time from a higher to a lower temperature is misleading, and that the 
extrapolated induction time is longer than the true induction time [10, 11]. A cross-over 
temperature  of about 80 ºC, where a change in mechanism occurs has been seen in PP 
[12, 13]. This cross-over is partly due to a difference in activation energy between the 
reactions occurring at high and low temperatures. Furthermore, chemical reactions 
depend on activation energies that are temperature-dependent. The polymer morphology, 
the solubility and migration of additives and the mechanism of antioxidant loss also 
depend on the temperature [14]. Antioxidants are retained in the amorphous phase in 
semi-crystalline polymers and the free volume fraction changes with increasing 
temperature. The morphology and diffusional characteristics change with the temperature, 
and this affects the oxygen permeability of the material.  
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Figure 1 The Arrhenius plot (60-120 ºC) of polypropylene (PP) containing α-tocopherol (PP-toc) (un-filled 
spots), and containing Irganox 1076 (PP-Irg1076) (filled spots). Oxygen induction time (○,•) after 7 days of 
aging determined by DSC, carbonyl index induction times (∆,▲) determined by FT-IR, and total 
luminescence intensity induction time (□,■) determined by chemiluminescence. (Paper III) 
 

2.2.2 Degradation products 
A complex mixture of degradation products is formed when hydrocarbons are oxidised 
[15]. Carboxylic acids, dicarboxylic acids, alcohols, ketones, aldehydes, n-alkanes and 1-
alkenes have been identified in unstabilised PE [16-19]. Most of the degradation products 
are volatile low-molecular weight products which rapidly migrate from the bulk of the 
polymer to the surface, where they migrate into the surrounding environment. Carboxylic 
acids are among the major degradation products from PE [20]. The carboxylic acids are 
formed as a result of various reactions of the alkoxy or alkyl peroxy radicals formed in 
the initial auto-oxidation of the polyethylene [21]. A possible route for formation of a 
carboxylic acid is by a radical decomposition of a hydroperoxide via an aldehyde 
(Scheme 3) [22]. The amount of carboxylic acids varies for different samples and the 
pattern can therefore be seen as a chromatographic fingerprint, which is related to the 
properties of the sample [23]. A correlation has been established between the formation of 
carboxyl groups and chain-scission in LDPE in the melt [3]. In thermally aged LDPE, a 
negative correlation between the amount of degradation products formed and the 
reduction in molecular weight have been seen [24]. It has also been shown that two 
compounds viz. butanedioic acid and butyrolactone could be used indicators of oxidation 
in PE blends with different oxidability, since their relative amounts correlated to the 
number of chain-scissions in the materials [25].  
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Scheme 3 Suggestions for a mechanism of formation of carboxylic acids in LDPE during the oxidation. 

2.3 Stabilisation of polyolefins 
Antioxidants are used in polymeric materials both for processing and for long-term 
stabilisation to prevent deterioration in the physical properties. Different kinds of 
antioxidants interfere at different points in the auto-oxidation cycle. Phenolic antioxidants 
(AH) react primarily with alkoxy radicals (Scheme 4) and their oxidation products, 
quinones react with alkyl radicals. The consumption of the antioxidants occurs instead of 
a degradation and oxidation of the material. 
 
 ROO* + Ar-OH  ROOH +Ar-O*  

R* + Ar-O*  Un-reactive product 
 
Scheme 4 Chain-breaking mechanism involving a phenolic antioxidant (Ar-OH), alkyl peroxy radical (ROO*), 
hydroperoxide (ROOH), phenolic radical (Ar-O*), and alkyl radical (R*). 
 
The antioxidants should be chemically able to interfere with the oxidation reactions, resist 
its own degradation and resist loss by migration, leaching or precipitation on the surface. 
In process stabilisation, the antioxidant must tolerate high temperature and shear. A low 
loss is especially important for long-term stabilisers. The antioxidants are homogeneously 
distributed in the melt during processing, but during cooling, the antioxidants are 
excluded from the crystalline phase and retained in the amorphous phase [26]. The rate of 
loss of an antioxidant is determined by its volatility, solubility, and diffusion rate i.e. by 
its mobility in the polymer. The solubility of an antioxidant in a polymer depends on its 
specific volume, physical state, possible self-association of the antioxidant, the polymer-
antioxidant interaction [27], the temperature and the pressure [28]. Most synthetic 
antioxidants are polymorphous substances forming different physical structures below 
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their melting point [29]. Their solubility depends strongly on the thermal history of the 
polymer-additive system and on the surrounding medium. A relationship between the 
thermo-oxidative stability of a polymer and the separation behaviour of antioxidants has 
been seen, and this separation was directly correlated with the solubility and depended on 
the composition of the antioxidant and of the polymer blend [30]. The solubility of an 
antioxidant above its melting point is characterised by thermodynamic parameters, unless 
it forms hydrogen bonds. Below the melting point, the thermodynamic theory of solutions 
only is applicable in certain cases [27], due to the polymorphous nature of synthetic 
antioxidants. The rate of diffusion of an antioxidant is dependent on its specific volume, 
on the total free volume of the system and on the mobility of the polymer chain-segments 
[27]. The efficiency of an antioxidant is determined by its consumption in the surface and 
by its diffusion to the surface where most of the oxidation occurs.  
 
Many of the additives used in polymers are low-molecular weight mobile compounds 
with a limited solubility in the polymer, and they will therefore be lost from the polymer. 
To enhance the solubility of the antioxidants in the polymer, they are often designed with 
long alkyl chains. Studies of various sorbitol fatty acid esters in PE revealed that their 
mobility depended on the length of the hydrocarbon chain [31]. Polymer-bound 
antioxidants give more efficient long-term stabilisation than low molecular weight 
antioxidants in polyolefins [32], but they have a low mobility in the polymer matrix and 
they are expensive. A commercial and synthetic phenolic antioxidant is Irganox 1076 
(Scheme 5). It is used both as a process and a long-term stabiliser.  
 

 
 
Scheme 5 Structure of Irganox 1076. 
 
A more efficient long-term stabiliser is Irganox 1010, which has four phenolic groups and 
a higher molecular weight, and this gives it a high efficiency and low loss from polymers. 
Stabiliser systems commonly used, consist of a phenolic antioxidant and e.g. a phosphite 
or a thioether.   

2.3.1 Natural antioxidants  
The use of traditional synthetic antioxidants in polymeric materials is questionable from 
an environmental point of view. They may constitute a health risk if they leach out of the 
packaging into e.g. food or directly into the environment. Natural antioxidants are non-
toxic compounds [33] and are much less likely to be hazardous. In nature, antioxidants 
play an important role in protecting plants, animals and humans from free radicals. 
Vitamins like vitamin C, vitamin E, β-carotene and bioflavonoids act as antioxidants and 
lengthen the lifetimes of all living species. Most of them are more sensitive to higher 
temperatures than synthetic antioxidants and some of them impart yellowness to plastics. 
Both α-tocopherol (the most biologically active form of vitamin E) and ascorbic acid 
(vitamin C) are phenolic antioxidants, whereas β−carotene has no phenolic function 
(Scheme 6).  
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Scheme 6 Structure of I) ascorbic acid, II) α-tocopherol and III) β-carotene. 

2.3.1.1 α-tocopherol as antioxidant in polyolefins 
α-tocopherol is a suitable natural antioxidant for use in polymers due to its lower 
sensitivity to high temperatures, and its higher molecular weight than e.g. ascorbic acid. It 
is the natural antioxidant that has been most studied for the stabilisation of polymeric 
materials [34-36]. α-tocopherol is both a permitted food antioxidant (E346) approved by 
the European Union and a Generally recognised as safe (GRAS) compound, and its 
migration characteristics from polyolefins are similar to those of the synthetic antioxidant 
Irganox 1076, which is approved by the Food and Drugs Administration (FDA) for food 
packaging [37]. It has been found that, in addition to its biological antioxidant function, 
α-tocopherol works well for process stabilisation in polyolefin and it has also been shown 
to be more efficient than synthetic antioxidants in the melt [34, 35]. An equivalent 
performance has been achieved with less antioxidant than in the traditional stabilisation 
system used in processing. The high process efficiency of α-tocopherol has several 
reasons. α-tocopherol has been shown to be an efficient alkyl radical trap according to 
rate-constant studies on its antioxidant activity [38], and its oxidation products (Scheme 
7), quinonoid (I), trimer (V), dimer (III, IV) and aldehyde (II), have been shown to have 
antioxidant properties in PP. The oxidation products are chain-breaking antioxidants and 
they deactivate both alkyl peroxyl and alkyl radicals. The aldehyde has an even greater 
efficiency as stabiliser than α-tocopherol [34]. As a long-term stabiliser, α-tocopherol has 
been shown to work better than synthetic hindered phenols in high-density polyethylene 
(HDPE) [36] but it is inferior to synthetic antioxidants in ultra-high molecular weight 
polyethylene (UHMWPE) [39].  
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Scheme 7 Oxidation products from α-tocopherol, quinonoids (I), aldehydes (II), dimers (III, IV) and trimers 
(V). 

2.3.1.2 The natural environment of α-tocopherol  
In body tissues, α-tocopherol is the major chain-breaking antioxidant and it is considered 
to be the first line of defence against lipid peroxidation [40]. Reversible oxidation and 
reduction of α-tocopherol is achieved by other cell constituents, and this gives it a high 
efficiency in its natural environment, the lipid phase of the cell [41]. Its physicochemical 
state and its hydrophilic/lipophilic balance determines its effectiveness. It has been shown 
that α-tocopherol is more effective in an oil-in-water emulsion system than in bulk oil 
[42]. This means that a non-polar antioxidant like α-tocopherol is more efficient in a 
polar substrate, and this has been described as the polar paradox [42].  

2.3.1.2.1 Modelling the natural environment of α-tocopherol  
Most synthetic antioxidants have been designed especially to give efficient stability to 
polymers. This is not possible in the case of natural antioxidants. If they are modified, 
they are no longer natural. Therefore, a modification of the polymer matrix is one way of 
improving the efficiency of a natural antioxidant. PE is more hydrophobic and more 
homogeneous than the heterogeneous and hydrophilic lipid phase in the cell. A controlled 
introduction of polar domains [43] into PE is one way to model the natural environment 
of α-tocopherol. An interesting additive is poly(ethylene-co-acrylic acid) (EAA) (Scheme 
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8), which has been shown to act as a migration controller for surfactants [44] and it has 
been used as a polymeric compatibiliser in PE [45]. EAA has a higher polarity than PE 
due to its carboxylic groups. In blends of EAA and polyethylene glycol, intermolecular 
hydrogen bonding between the carboxylic acid group and the ether oxygen has been 
detected causing a high miscibility of the two polymers [46].  
 

x

 

CH2

y

 

CH2 CHCH2

C

OH

O

 
 
Scheme 8 Structure of poly(ethylene-co-acrylic acid) (EAA). 
 
Another more controlled additive consists of core-shell microparticles with acrylic acid 
grafted chains (Scheme 9), since they have both a specific micron size and a specific 
polar surface chemistry. They could be used to model a natural micro-environment for α-
tocopherol.  
 

 
 
Scheme 9 Simplified illustration of the design of a natural micro-environment for α-tocopherol in the 
amorphous domains of polyethylene by core-shell microparticles with grafted poly(acrylic acid) (PAA) 
chains. 
 
The natural additive, granular oat starch, has been shown to have stabilising properties in 
PE,[24, 47-49] but it has no carboxylic acid groups. Starch is composed of amylose and 
amylopectin, which in turn consist of glucose units linked by glycosidic bonds. However, 
it contains other substances, and they are believed to have a stabilising effect by blocking 
radicals and by the formation of inactive species in PE during thermal-oxidation [24]. 
Oats are a source of many compounds that exhibit antioxidant activity, including α-
tocopherol [50]. Oat starch is an additive of interest use in modelling the natural 
environment for α-tocopherol in PE. 
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2.4 Extraction techniques  
The selection of the most suitable method of extraction for a sample depends on the type 
of sample matrix, on the amount of analyte in the sample and on the required sensitivity.  
 
Different extraction techniques can be used to extract additives e.g. antioxidants from a 
polymer matrix. Microwave assisted extraction (MAE) has been shown to give as 
efficient extraction of additives as the more traditional soxhlet extraction method [51]. In 
soxhlet extraction quite a large amount chloroform is usually used as the extracting 
solvent. With MAE, less harmful solvents can be used and also a smaller amount of 
solvent. In MAE, the extraction is performed under pressure and thus at a temperature 
above the boiling point of the solvent. This accelerates the extraction process. 
 
Solid-phase microextraction (SPME) is a sensitive technique for the extraction of volatile 
and semi-volatile analytes, e.g. degradation products from polymers. The analytes in an 
aqueous liquid or emitted from a solid are concentrated on a thin fused silica fibre coated 
with a stationary polymer phase [52]. In headspace-SPME (HS-SPME) the extraction is 
performed in the headspace above the sample. Analyte equilibrium is established between 
the sample matrix, the headspace above the sample and the stationary phase on the fibre 
[53]. The extraction is generally performed for a certain time under non-equilibrium 
conditions and it has been shown that is not necessary to establish full equilibrium to 
perform quantitative analysis [54-56]. There are certain limitations in the quantitative 
analysis of volatiles in solid matrices by HS-SPME. Only the amount emitted from a 
polymer can be identified [57]. For quantitative determination of volatiles in solid 
polymers, multiple headspace or standard addition has to be performed, since there are no 
clean reference materials for most of the analytes and matrix effects are present. The 
matrix effects are dependent on migration distance of the analytes from the bulk of the 
polymer to the surface, and on interactions between the matrix and the analytes. In 
extraction of polar compounds such as short carboxylic acids from an unpolar material 
like PE the interactions between the matrix and the analytes are lower than in e.g. 
polyamide. An advantage with SPME is that no organic solvents are required. Abalos et 
al. [58, 59] have used HS-SPME and gas chromatography–mass spectrometry (GC-MS) 
to quantify the amount of carboxylic acids emitted from waste water. Qualitative analysis 
of organic analytes have also been obtained from air-aged PE by HS-SPME [60, 61].  
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2.5 Characterisation of polyolefins 

2.5.1 Detection of oxidation in polyolefins 
The oxidation of a material can be monitored by various analytical techniques. Fourier 
transform infrared spectroscopy (FT-IR) is a reliable technique, and the measurements 
can be performed on the solid polymer with intact antioxidant action and morphology. It 
is one of the most definite spectroscopic methods for the quantification and identification 
of oxidation in a material because the increase in carbonyls on the polymer chain from 
carboxylic acids, dicarboxylic acids, aldehydes, and ketones can be monitored. With FT-
IR transmission spectroscopy, the analysis of thin films is possible and the amounts of 
carbonyl groups in the bulk and on the surface of the sample can be measured, whereas 
FT-IR attenuated total reflection (ATR) analysis penetrates only a thin layer of the sample 
and measures the carbonyl formation on the surface of the material. The increase in 
carbonyl index during the aging of PP has been shown to be accompanied by a 
simultaneous decrease in molecular weight in the material determined by size exclusion 
chromatography (SEC) [62]. Another widely used technique for polymer characterisation 
is thermal analysis with differential scanning calorimetry (DSC). By determining the 
oxygen induction time (OIT) the antioxidant efficiency in the material is assessed. When 
all the antioxidants in a material are consumed a significant oxidative exothermic 
response is obtained. The theory for using OIT to measure antioxidant content in a 
material is based on the assumption that consumption of antioxidants at high temperature 
obeys zero-order kinetics [63].  
 
A sensitive technique to monitor oxidation and antioxidant efficiency in polymers is 
chemiluminescence (CL) [64]. The CL technique is based on the measurement of light. 
The light-producing reaction requires an energy input of about 300 kJ/mol and has a low 
quantum yield [65, 66].  Spectral analysis of the emission agrees with the emission from 
carbonyl chromophores [66]. The mechanism for carbonyl formation is debated, but a 
direct decomposition of the hydroperoxides (ROOH) [67] or a bimolecular termination of 
the alkyl peroxy radical (ROO*) [68] (Scheme 10) are the most probable mechanisms in a 
solid material.  
 

a) 2 ROOH   RO2
* + RO*+ H2O 

RO2
* + RO*  R-(CH)=O* + ROH + O2  Ia =  C[RO*]2

b) (ROOH  RO* + OH*) 
R-CH2-OOH  R-(CH)=O* + H2O   Ib =  C[ROOH] 

 
Scheme 10 a) Direct decomposition of hydroperoxides, and b) bimolecular termination of an alkyl peroxy 
radical. 
 
A combination of several light emission processes may also occur [66].  An uncertainty in 
the mechanism causing CL can make the interpretation of CL data problematic, but the 
equality of the rates of initiation and termination for a linear steady-state chain reaction 
makes the luminescence intensity of both mechanisms in Scheme 10 equivalent for 
stationary experiments [69]. The kinetic relationship for CL generated under stationary 
conditions may therefore be written I = C[ROOH], where I is the intensity and C is a 
constant.  

 - 20 -



Introduction 

2.5.1.1 Chemiluminescence (CL) of polymers  
The oxidation of stabilised polyolefins has been studied by CL in both oxygen and 
nitrogen atmospheres. Catalina et al. [70] investigated the process stability of phenolic 
antioxidants in PE with CL in an inert atmosphere and made iodometric measurements of 
the concentration of titratable peroxides in a material. In the isothermal measurements, 
the peak intensity and the area under the peak were proportional to the rate of reaction 
peroxides [70, 71]. Both CL and DSC are measured on the melted polymer, and this 
affects the distribution of the antioxidant in the polymer. 

2.5.1.1.1 Correlation between CL and other techniques 
CL has been compared to other techniques to determine its accuracy and sensitivity and to 
gain information on the CL mechanism in polymers. Blakey et al. [46] monitored the 
simultaneous responses in CL emission and in FT-IR emission spectra of unstabilised and 
soxhlet-extracted PP with a combined CL instrument and FT-IR spectrophotometer, and 
they found that the CL in an oxygen atmosphere was proportional to the carbonyl growth. 
However, in non-soxhlet-extracted, unstabilised PP, the concentration of hydroperoxides 
increased rapidly to a maximum and then decreased, while the carbonyl curve increased 
[72]. This gives a relationship where the concentration of carbonyls at any given point in 
time is proportional to the integral of the hydroperoxide concentration [46]. CL in an air 
atmosphere and thermogravimetry have been shown to be more effective techniques for 
detecting oxidation in degradable PE than FT-IR, DSC and SEC [73]. CL in an inert 
atmosphere has also been shown to be more sensitive and to give an earlier detection of 
oxidation than FT-IR on PE with enhanced oxidability [74].  

2.5.2 Detection of low-molecular weight products from polyolefins  
Degradation products and additives from polymers can be identified and quantified by 
chromatographic techniques. In chromatography, the components in a sample are 
separated by distribution between two phases, one of which is stationary and one of which 
is moving (mobile). The distribution of analytes between the two phases depends on their 
relative affinities for the phases, as determined by molecular structures and intermolecular 
forces. Analytes with a high affinity for the stationary phase move through the system 
very slowly, whereas analytes with a lower affinity migrate more rapidly. The choice of 
chromatographic technique depends on the nature of the analyte, on the sample matrix 
and on the purpose of the analysis. A quantitative analysis with a determination of the 
amount of an analyte can be achieved by comparison with suitable standards and 
calibrations. In high-performance liquid chromatography (HPLC), the separation of 
analytes is based on a distribution between a mobile liquid phase and a stationary phase. 
The efficiency of the separation depends on the chemical properties of the analytes, the 
structure and pore size of the stationary phase, the length and the inner diameter of the 
column and the composition of the mobile phase. Analytes with a high boiling point or 
thermal sensitive analytes are especially suited for HPLC analysis. In gas chromatography 
(GC), the separation of analytes is based on a distribution between a mobile gas phase and 
a stationary phase. It is a technique with high resolution, high selectivity and sensitivity. 
The mostly used columns in GC analysis nowadays are open tubular columns; they give a 
lower mobile phase flow, sample capacity and faster detector responses than the 
traditionally used packed columns.  
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2.5.2.1 Correlations between chromatographic analysis and other techniques 
In PE stabilised with phenolic antioxidants the content of the antioxidants extracted by 
MAE and quantified by HPLC, and the OIT determined by DSC have been shown to 
agree [75]. Early oxidation detection makes it possible to save time and expense and GC-
MS identification, together with HS-SPME has been shown to give earlier detection of 
oxidation than carbonyl index in recycled polyamide [76].  
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3 Experimental 

3.1 Materials 
Unstabilised linear low-density polyethylene (PE), a Ziegler-Natta polymerised 
copolymer of ethylene and 1-butene with a crystallinity of 43 %, a melting point of 
123°C, a density of 912 kg/m3, a melt flow index of 1.2 g/10 min, according to ISO1133-
1991, and a molecular weight (Mw) of 103 500 g/mol was supplied by Borealis 
(Stenungsund, Sweden).  
  
3,4-dihydro-2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)- 2H-1-benzopyran-6-ol (α-
tocopherol) (a mixture of equal amounts of the eight possible optical isomers of α-
tocopherol, dl-α-tocopherol) and octadecyl 3,5-di-tert-butyl-4-hydroxyhydrocinnamate 
(Irganox 1076)  were obtained from Ciba Specialty Chemicals Inc. (Switzerland). 
 
The solvent used for the analysis of the antioxidant content in the materials was 
acetonitrile of HPLC grade from Labscan. The water used was from Merck. ABC vials 
and a 70 µm carbowax/divinylbenzene (CW/DVB) fibre were from Supelco (Bellafonte, 
PA, USA). Carboxylic acid analytical standards from Polyscience Corp. (Niles, IL, USA) 
were used.  

3.1.1 Film-blown polyethylene  
Poly(ethylene-co-acrylic acid) (EAA) with a content of 15 wt-% acrylic units, and 
poly(ethylene-co-vinyl acetate) (EVA) with a content of 9 wt-% vinyl acetate units were 
provided by Sigma-Aldrich (Stockholm, Sweden). Oat starch was obtained from the 
Avena group (Finland). The chemical constitution of the oat starch was 29 % amylose, 71 
% amylopectin, 10 % moisture, 0.2 % ash, 0.6 % protein and 0.7 % total lipids. The core-
shell poly(trimethylolpropane trimethacrylate)-g-poly(acrylic acid) micro particles 
(polyTRIM-g-PAA) had; Dn=1.60 µm, Dw=1.85 µm, PDI=1.16 and 2.30 mechiv 
carboxylic groups/g copolymer (16.5 wt-% acrylic acid structural units). Their synthesis 
and characterisation are described in an earlier publication [77]. 
 
The antioxidants and additives were dry-blended with PE.  Films with a thickness of 30 ± 
5 µm were film-blown with a Brabender (Duisburg, Germany) DSK 35/9 D counter 
rotating twin-screw extruder equipped with a film-blowing unit. During the extrusion, the 
temperature of the three heated zones was 175 °C. The screw speed was set to 10 rpm. 
The content of additives in the film-blown PE films is presented in Table 1.  
 
All the film-blown samples (5 x10 cm in size), with exception of  those that were 
analysed by gas-chromatography–mass spectrometry (GC-MS)  were placed in a 
circulating air oven from Heraues (Hanau, Germany) under a load of 10 grams and at a 
temperature of 80 ˚C. 
The materials that were analysed with GC-MS were aged in air in closed vials at 80 °C in 
a circulating air oven (Venticell 111, Germany). Samples 0.2 g, were cut into pieces 2 x 2 
cm in size. 
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Table 1 Composition of the film-blown PE films containing additive systems and of the reference materials, 
values in wt-%. 
 
Material

α-tocopherol Irganox 1076 Oat starch EAA EVAa Core-shell particles

PE-ref - - - - - -
PE-toc 0.1 - - - - -
PE-EAA - - - 1.0 - -
PE-EAA/toc 0.1 - - 1.0 - -
PE-EVA-core/toc 0.1 - - - 1.0 0.1
PE-OS - - 1.0 - - -
PE-OS/toc 0.1 - 1.0 - - -
PE-Irg1076 - 0.1 - - - -
PE-EAA/Irg1076 - 0.1 - 1.0 - -
PE-OS/Irg1076 - 0.1 1.0 - - -

Antioxidant Additive

 
a EVA was added to act as a compatibiliser between the microparticles and the PE.  

3.1.2 Compression-moulded polyethylene  

Compression-moulded films (CM) with a thickness of 80 ± 20 µm were made with a 
Schwabenthan polystat 300s. The antioxidants were dry-blended with PE. The material 
was compression-moulded at 140°C and 20 bar for 1 min and the pressure was then 
increased to 200 bars. After a total time of 4 min, the material was cooled for 5 min. 
Table 2 shows the content of the antioxidants in the compression-moulded films. 
 
Table 2 Composition of the compression-moulded (CM) PE films containing antioxidants and of the 
reference material, values in wt-%. 
 

Material

α-tocopherol Irganox 1076

PE_CM - -
PE-toc_CM 0.1 -
PE-Irg1076_CM - 0.1

Antioxidant

 
 
The films were cut into pieces (1x1cm) and placed in sealed glass vials and aged in air at 
80˚C. 

3.2 Extraction techniques 

3.2.1 Microwave assisted extraction (MAE)  
The antioxidants were extracted in standard vessels with an inner diameter of 30 mm 
using a Microwave extraction system, Model MES-1000 from CEM Corp. (Indian Trail, 
NC, USA) with a nominal power of 1000 W. The samples (0.5 g, cut into 1.5x1.5 cm 
pieces) were extracted with 15 ml acetonitrile. Írganox 1010 was used as internal standard 
and it was added to the acetonitrile used in each extraction. The extraction was carried out 
in three steps; (1) heating from ambient temperature to 80°C in 6 min at 75% of the 
nominal power, (2) heating from 80°C to 100°C in 4 min at 100% power, and (3) 
isothermal treatment at 100 °C for 30 min at 90% power. Duplicate extractions were 
made on each sample.  
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3.2.2 Head space-solid phase microextraction (HS-SPME) 

3.2.2.1 Selection of extraction conditions 
A CW/DVB fibre was used. The extraction temperature and time were optimised by HS-
SPME extractions of a standard containing 100 ng/µl of each propanoic, butanoic, 
pentanoic, hexanoic, heptanoic, octanoic, nonanoic and decanoic acid. 1 µl internal 
standard (460 ng/µl) of tert-butyl acetic acid in water was added to each vial prior to the 
extraction.  Three different temperatures (40, 60 and 80 °C) during three different times 
(30, 45 and 60 min) were tested. Triplet samples were made for each condition and a 
manual SPME sample holder was used for the extractions. The identification of the 
carboxylic acids was performed with a GC-MS.  

3.2.2.2 HS-SPME of carboxylic acids emitted from PE samples 
A CW/DVB fibre, a time of 30 min and a temperature of 80 °C were used for the HS-
SPME extractions. 1 µl internal standard (460 ng/µl) of tert-butyl acetic acid in water was 
added to the closed vials prior to the extraction. Three replicates of every sample were 
extracted. 
 

3.3 Analytical techniques 

3.3.1 Fourier transform-infrared spectroscopy (FT-IR) 
Changes in the carbonyl region during oxidation were monitored by a Perkin Elmer 2000 
FT-IR Spectrometer. Each spectrum was taken as an average of 20 scans at a resolution of 
4 cm-1. The carbonyl index (CI) was calculated as the ratio of the peak height at 1712-
1717 cm-1 (chain-end and backbone ketones [80],[81]) to that at 1463 cm-1 (-CH2-
scissoring peak) for PE. Both measurements in transmission and Attenuated total 
reflection (ATR) mode were made. The ATR part was a Golden gate Attenuated total 
reflection (ATR) unit (Specac Inc., Smyrna, GA, USA) with a diamond crystal. Triplicate 
measurements were made on each sample.   

3.3.2 Differential scanning calorimetry (DSC)  
A Mettler Toledo 820 DSC (Greifensee, Switzerland) equipped with a TSO801RO 
sample robot was used. High purity indium (Tm=156.6 ºC) was used for calibration of the 
temperature and enthalpy measurements before the analyses. 5 ±1 mg samples were 
enclosed in 100 µl Al crucibles with one hole in the cover. Triplicate measurements were 
made for each sample. 

3.3.2.1 Oxygen induction time (OIT) measurements 
Oxygen induction time (DSC-OIT) measurements were made in an oxygen atmosphere 
with a flow rate of 80 ml/min at 180 °C. During the first two minutes, the samples were 
kept under nitrogen (80 ml/min) and the time when oxygen was introduced was taken as 
zero time. The values were obtained as the point of intersection of the tangent to the DSC 
curve and a line at 1 mW parallel to the base line.  
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3.3.2.2 Crystallinity measurements 
Thermograms were recorded in five steps; (1) heating from 0 to 180 ˚C, (2) isothermal 
conditions at 180 ˚C for 3 min, (3) cooling from 180 to 0 ˚C, (4) isothermal conditions at 
0 ˚C for 3 min, and (5) a second heating from 0 to 180 ˚C. The heating and cooling rates 
were 10 ˚C/min. The heat of fusion in the second heating was recorded (∆Hf) and 
transformed to a mass crystallinity value (wc) using the total enthalpy method [82], with 
293 J/g as the heat of fusion (∆h0

f ) for 100 % crystalline polymer at 144. 9 °C [83].  

3.3.3 High-performance liquid chromatography (HPLC) 
The extracts were analyzed with HP 1100 Series Variable Wavelength Detector and a HP 
1100 Series Autosampler (both from Waldbronn, Germany) and a Shimadzu pump LC-
10AD (Kyoto, Japan). The antioxidant concentration was determined by reversed-phase 
HPLC, with acetonitrile/water (95/5) as the mobile phase and a Waters Symmetry C18 
column, 3.9’50 mm, 5 µm (Sollentuna, Sweden). The concentration of antioxidants was 
estimated from the absorption at 220 nm since this wavelength is more sensitive to 
phenolic compounds than detection at 280 nm. An injection volume of 10 µl and a flow 
rate of 1 ml/min were used and the extraction solutions were filtered through 0.45 µm 
Teflon filters before analysis.  Duplicate measurements were made for each sample. 

3.3.4 Chemiluminescence (CL) 
CL emissions from the materials were studied using a Lumipol-2 CL instrument (Polymer 
Institute SAS, Slovakia). The Lumipol 2 instrument cover the light emission from 200 to 
700 nm, with a maximum sensitivity peak at 460 nm, which approximately corresponds to 
emission from the excited triplet carbonyl groups (Scheme 10). Standards that luminesce 
when they are heated were used to calibrate the temperature measurements. The analysis 
of CL data is often complex because light emitters may be quenched and photons may be 
absorbed in the sample [78]. Care was therefore taken to ensure that the samples in this 
study had the same geometries and histories [79]. The specimens were prepared by 
punching circular discs with a diameter of 6 mm from the films and they were placed in 
aluminium pans with a diameter of 10 mm.  All CL values are the means of duplicate 
measurements. 

3.3.4.1 Inert measurements (TLI) 
Measurements were made in an inert atmosphere of pure nitrogen with a gas flow rate of 
70 ml/min. Isothermal measurements were made on the PE samples after they had been 
preheated to the test temperature (180 ˚C), at which the temperature was kept constant. 
The Total Luminescence Intensity (TLI) was calculated from the area under the CL curve 
[70, 71].   

3.3.4.2 Oxidative measurements (OIT) 
Measurements were made on the samples in an oxidative atmosphere under isothermal 
conditions at 180 ˚C with a gas flow rate of 70 ml/min, and the oxygen induction time 
(CL-OIT) was determined as the point of intersection of the tangent to the CL curve to the 
base line. The samples were preheated to the test temperature under a nitrogen 
atmosphere.  
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3.3.5 Gas chromatography-mass spectrometry (GC-MS) 
The extracted degradation products i.e. carboxylic acids were identified and quantified by 
Gas Chromatography-Mass Spectrometry (GC-MS) using a ThermoFinnigan GCQ (San 
José, CA, USA.). The column used was a wall-coated open tubular (WCOT) fused silica 
CP-WAX 58 (FFAP)-CB column from Varian (25 m×0.32 mm i.d., df 0.2 µm). Helium of 
scientific grade purity from AGA was used as carrier gas at a constant velocity of 
40 cm/s. 
 
The carboxylic acids extracted from PE samples were identified by GC-MS. The initial 
oven temperature was 40 °C, which was held constant for 5 min. The oven was then 
heated to 250 °C at a heating rate of 5 °C/min. The fibre was desorbed for 5 min in the 
injector, which was in the splitless mode at a temperature of 250 °C. Two SPME blanks 
were run before each extraction to avoid carry-over of the acids. Calibration curves of the 
carboxylic acids at five different concentrations were obtained by HS-SPME extraction. 1 
µl standard solutions, with different concentrations of the carboxylic acids, together with 
1 µl internal standard solution was extracted from closed vials. Three extractions of each 
concentration were made. 

 - 27 -



Experimental 

 
 
 
 
 
 
 

 - 28 -



Results and Discussion 

4 Results and Discussion 

4.1 Effect of additives on the efficiency of α-tocopherol as an antioxidant in 
polyethylene films 
The long-term performance of three different model systems, aimed at enhancing the 
antioxidant efficiency of α-tocopherol in a linear low-density polyethylene in comparison 
to the long-term performance of reference systems containing the synthetic antioxidant 
Irganox 1076 were mainly investigated by infrared measurements (FT-IR), 
chemiluminescence (CL), and gas chromatography, but also by differential scanning 
calorimetry (DSC) and liquid chromatography.  

4.1.1 Carbonyl index and total luminescence intensity measurements 

Figure 2 shows the carbonyl index up to 1000 hours of oven-aging in air at 80 °C for 
film-blown linear low density polyethylene (PE) containing (a) α-tocopherol and 
polyTRIM-g-PAA core-shell microparticles (PE-core/toc), (b) α-tocopherol and 
poly(ethylene-co-acrylic acid) (PE-EAA/toc), and (c) α-tocopherol (PE-toc), and also for 
unstabilised PE (PE-ref). The exact composition of the materials is given in Table 1. A 
low aging temperature (80 ºC) was used to give a more fruitful indication of the long-term 
properties of the materials. As discussed in the introduction, a cross-over temperature of 
about 80 ºC has been observed for polypropylene (PP). An aging temperature that is 
below the melting temperature is important; a temperature of 80 ± 20 ºC will give more 
realistic results in an acceptable period of time. The carbonyl amount on the surface of the 
materials was monitored by FT-IR with an attenuated total reflection (ATR) unit. The 
carbonyl absorption at 1712 cm-1 in the FT-IR spectrum was measured and related to a 
reference peak. The formation of carbonyls on the polymer main chain is believed to 
occur through the decomposition of hydroperoxides shown in Scheme 2. β-scission can 
also lead to carbonyl formation by decomposition of hydroperoxides and the formation of 
aldehydes [2].  
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Figure 2 Carbonyl Index measured with FT-IR in ATR mode as a function of aging time in air at 80 ºC, for 
PE containing (a) core-shell microparticles and α-tocopherol (▲) (PE-core/toc), (b) EAA and α-tocopherol 
(○) (PE-EAA/toc), and (c) α-tocopherol (•) (PE-toc), and for unstabilised PE (∆) (PE-ref). (Paper II) 
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PE-toc shows a similar build-up in carbonyl index to PE-ref during the aging period. PE-
core/toc had an induction period of 350 hours, during which only a slow oxygen uptake 
took place while the stabiliser was consumed. After the induction period, degradation of 
the material occurs with carbonyl increase. The induction time indicates that the core-
shell polymer particles increased the efficiency of α-tocopherol in PE during the thermal 
aging. The crystallinity (Figure 3) did not decrease for PE-core/toc during the aging. 
Also, as reported in an earlier study, no changes in crystallinity was seen for PE films 
aged about 500 hours at 80 °C [74]. The crystallinity in the materials was determined by 
DSC by measuring the heat of fusion. The total enthalpy method was used. This method 
gives crystallinity values similar to those given by X-ray and density estimates for 
polymers with low or average molecular weights [84]. In all the other studied materials, 
with exception of PE-core/toc, the crystallinity decreased by approx. 20 % during the 
aging. The melting endotherm of the studied PE was broad, ranging from a temperature of 
20 to 130 °C, with the peak at 123 °C. This showed that the crystalline phase was 
heterogeneous in terms of size and perfection. This is normal for a polymer polymerised 
by Ziegler-Natta. One explanation to the decrease in crystallinity is that a part of the 
material (5-10 %), probably crystals of lower lamellar thickness was melted during the 
aging at 80°C. If so, this part oxidised easier than the solid part, since oxygen diffusion is 
present in the melted part, and not in the crystalline parts of the solid polymer [8]. 
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Figure 3 Crystallinity of PE a) unstabilised (PE-ref), b) containing α-tocopherol (PE-toc), c) containing 
Irganox 1076 (PE-Irg1076), d) containing  oat starch (PE-OS), e) containing oat starch and  α-tocopherol 
(PE-OS/toc), f) containing oat starch and  Irganox 1076 (PE-OS/Irg1076), g) containing EAA (PE-EAA), h) 
containing  EAA and α-tocopherol (PE-EAA/toc), i) containing  EAA and Irganox 1076 (PE-
EAA/Irg1076), and j) containing core-shell polymers, α-tocopherol and EVA (PE-core/toc), before and 
after aging in air at 80 ºC. (Paper II) 
 
Another explanation is that cross-linking and chain-branching dominated the oxidation, 
and not chain-scission. Both cross-linking and chain-branching could reduce the ability of 
the chains to crystallise. An additional explanation, could be that chain-scission in the 
amorphous phase in LLDPE would not facilitate crystal growth to the same extent as in 
low-density polyethylene (LDPE), where the crystallinity usually increases during 
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thermal aging [24, 85-87]. LDPE has longer chain-branches on the polymer chain than 
LLDPE. When the branch length is longer, the branch is folded back and cocrystallises 
with the main chain. The LLDPE used in this work is a copolymer between ethylene and 
1-butene, with a structure of ethyl chain branches on the polymer chains. Short chain 
branches affect the crystallisation of the polymer. Earlier studies have shown that the 
probability of branch inclusions in lamellar crystals in LLDPE depends on the bulkiness 
of the branch [88].  A suggested amount of ethyl branches that can be present in the 
crystalline and the interface regions is 6-20 % [89, 90].  
 
The induction time was slightly higher for PE-EAA/toc than for PE-toc, although the 
determined antioxidant content (Table 3) in the unaged material was lower in PE-
EAA/toc than in PE-toc. Before film-blowing the films, unstabilised PE in a powder form 
was dry-blended with the antioxidants (0.1 %) and additives in the amounts listed in 
Table 1. The antioxidant remaining in the unaged materials after film-blowing was 
extracted from the PE films by microwave assisted extraction (MAE) and the amount was 
determined by high-performance liquid chromatography (HPLC). Figure 4 shows the 
HPLC chromatograms of the two antioxidants extracted by MAE from PE-toc and PE-
Irg1076.  
 
Table 3 Antioxidant content (wt-%) in the unaged materials, PE containing the antioxidants; α-tocopherol 
(toc) or Irganox 1076 (Irg1076), and, containing the additives; oat starch (OS) or EAA. (Paper II) 
 

Material Antioxidant content a

PE-toc 0.040  ±  0.0015
PE-Irg1076 0.066  ±  0.0012
PE-EAA/toc 0.017  ±  0.0003
PE-EAA/Irg1076 0.066  ±  0.0012
PE-OS/toc 0.032  ±  0.0003
PE-OS/Irg1076 0.065  ±  0.0009  

        a wt-% 
 
Comparison between MAE, ultrasonic extraction and soxhlet extraction of antioxidants 
from polyolefins has shown that MAE gives a slightly higher yield of the phenolic 
antioxidant Irganox 1010 from PE than both ultrasonic extraction and soxhlet extraction 
[91]. Acetonitrile was chosen as extracting solvent since the mobile phase in the HPLC 
analysis was acetonitrile (with 0.5 % water), and also because it has been shown to be 
similar to isopropanol and better than acetonitrile/IPA (50:50) for the extraction of 
Irganox 1010, and it is known to be more difficult to extract from polyolefins than the 
antioxidants of interest viz. α-tocopherol and Irganox 1076. In the unaged material, the 
residual antioxidant content of PE-toc was 0.04 wt-%, showing that 60 % of the original 
amount was lost during the preparation of the films and in the film-blowing. In contrast, 
the material containing the synthetic antioxidant Irganox 1076 (PE-Irg1076) lost 34 % of 
the antioxidant. The greater loss of α-tocopherol than of Irganox 1076 was most probably 
due to the fact that α-tocopherol is more volatile and less soluble in the polymer matrix 
than Irganox 1076, due to its lower molecular weight, shorter aliphatic tail, and lower 
melting temperature (Table 4). Low solubility of the antioxidant in the polymer leads to 
migration or precipitation on the surface and loss of the antioxidant [92].  
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Figure 4 HPLC chromatograms after MAE from the unaged film-blown PE, a) containing Irganox 1076 
(PE-Irg1076) and b) containing α-tocopherol (PE-toc). (Paper  I) 
 
In another study of film-blown polypropylene (PP), the α-tocopherol content was higher 
than that of Irganox 1076 [93] and this has also been reported for extruded PE films [94]. 
The loss of antioxidant is among other factors dependent on the thickness of the sample, 
and on its processing conditions. In the present work, the PE films were film-blown 
which might have contributed to the greater loss of α-tocopherol from these materials 
than from the mentioned extruded PE films. Another explanation is that the said PP 
samples were extruded into a two-layered structure and their thickness was 45 µm, 
whereas the PE films were thinner (30 µm) and only one-layered. PP also exhibits higher 
susceptibility to degradation and oxidation than PE. 
 
Table 4 Data for the antioxidants; Molecular weight (Mw), Bond dissociation energy (BDE) and Melt 
temperature (Tm). 

 
Antioxidant Mw (g/mol) BDE (kJ/mol) Tm (°C ) 
α-tocopherol 430.71 327.7 2
Irganox 1076 530.87 339.6 51  

         * [95]  
 
 
Figure 5 shows the change in antioxidant content during aging up to 2200 hours in the 
compression-moulded PE containing  α-tocopherol (PE-toc_CM) and Irganox 1076 (PE-
Irg1076_CM). The antioxidant content in PE-Irg1076_CM remained almost constant, 
whereas the amount in PE-toc_CM decreased. After aging, only about 25 % of the initial 
amount of α-tocopherol was left in the material compared to about 65 % of the Irganox 
1076.  In the unaged compression-moulded materials, there was a larger amount of 
antioxidant than in the unaged film-blown materials (Table 3); PE-toc_CM had an 
antioxidant content of 0.065 w/w-%, and PE-Irg1076_CM an amount of 0.074 w/w-%. 
Compression-moulding is a gentler processing method than film-blowing. The film-
blown material is exposed to a higher stress during the processing, which consists of 
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extrusion and film-blowing, and this causes loss of the antioxidants. In compression-
moulding, solvents are often used in film preparation to obtain more homogeneous 
samples, and in Paper I it is shown that the solvent changes the properties of the material 
and increases the process stability.  
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Figure 5 Antioxidant content in the compression-moulded PE containing α-tocopherol (∆) (PE-toc_CM) 
and Irganox 1076 (�) (PE-Irg1076_CM) as a function of aging time in air at 80 ºC. (Paper I)  
 
The phenolic antioxidant content in a material can also be measured by the oxygen 
induction time determined by DSC [63] (DSC-OIT), and in PE stabilised with phenolic 
antioxidants, the DSC-OIT have been shown to agree with antioxidant content determined 
by HPLC after MAE [75]. Figure 6 shows the DSC thermograms of the unaged PE-
toc_CM and PE-Irg1076_CM monitored at 180 °C in an oxygen atmosphere, and Figure 
7 shows the change in DSC-OIT for the compression-moulded materials during the aging. 
The DSC-OIT for the unaged PE-toc_CM was larger than that of PE-Irg1076_CM. This 
shows that α-tocopherol was a more efficient stabiliser during the processing than 
Irganox 1076 and this agrees with earlier studies [34, 35]. 
 

 
 
Figure 6 Thermograms of DSC-OIT of the unaged compression-moulded PE unstabilised (PE-CM), 
containing α-tocopherol (PE-toc_CM) and containing Irganox 1076 (PE-Irg1076_CM). (Paper I) 
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The DSC-OIT of the unaged PE-toc_CM disagreed with its antioxidant content that was 
lower than the content of Irganox 1076.  This is presumably because oxidation products 
from α-tocopherol contributed to the high OIT. They are chain-breaking antioxidants, 
which deactivate both alkyl peroxyl and alkyl radicals [34] (Scheme 7). The oxidation 
products are said to have an even higher efficiency as stabiliser than α-tocopherol [34]. It 
may also be due to higher diffusion rate (mobility) in the polymer matrix of α-tocopherol 
than of Irganox 1076 due to its smaller size and lower bond dissociation energy for H-
donation (BDE) [95] (Table 4).  
 
During aging PE-toc_CM showed the highest initial value but it decreased more rapidly 
than that of PE-Irg1076_CM (Figure 7).  After 1600 hours of aging the DSC-OIT of PE-
toc_CM had decreased to the same level as the OIT of PE-Irg1076_CM. This shows that 
in the case of the long-term aging of the compression-moulded materials the agreement 
between antioxidant content and OIT was high, indicating that no oxidation products were 
active in stabilisation of the materials.  
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Figure 7 Oxygen induction time determined by DSC (DSC-OIT) for the compression-moulded PE 
containing α-tocopherol (∆) (PE-toc_CM) and Irganox 1076 (�) (PE-Irg1076_CM) as a function of aging 
time in air at 80 ºC. (Paper I) 
 
Figure 8 shows the FT-IR ATR spectra of the compression-moulded material for the 
unaged and after aging for 2800 hours. There was no visible carbonyl absorbance in 
PE_CM even after aging. Lower oxidation during the compression-moulding and film-
blowing as discussed previously is mainly the cause to this, but also different thicknesses 
and aging conditions for the compression-moulded and the film-blown materials could be 
an explanation. The film-blown material had a thickness of 30 µm and the compression-
moulded a thickness of 80 µm.  
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Figure 8 FT-IR ATR spectra of compression moulded and unstabilised PE (PE-CM) a) unaged, and b) after 
aging in at 80 ºC for 2800 hours. (Paper I) 
 
Figure 9 shows the carbonyl index for PE-toc and PE-Irg1076 as a function of time up to 
1000 hours of aging in air. PE-toc showed a faster increase in carbonyl index than PE-
Irg1076 during the aging and PE-Irg1076 also had a longer induction time. This may be 
because oxidation products from α-tocopherol act as process stabilisers, but they are 
presumably inferior in long-term stabilisation due to their great ability to scavenge alkyl 
radicals but not peroxyl radicals. Less antioxidant was left in PE-toc than in PE-Irg1076 
after film-blowing and the prevention of oxidation is decreased when fewer antioxidant 
molecules are present in the material. These results agree with the study performed by 
Mallegol et al. [39] where α-tocopherol in γ-radiated high-density polyethylene (HDPE) 
was characterised by FT-IR. The agreement is probably due to the fact that the HDPE, 
which has a higher crystallinity and a slower oxidation than linear low-density 
polyethylene, had been irradiated, and this could make it equally susceptible to oxidation 
as the PE used in this work.  
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Figure 9 Carbonyl Index for film-blown PE, unstabilised (▲) (PE), containing α-tocopherol (PE-toc), and 
containing Irganox 1076 (PE-Irg1076), measured with FT-IR in ATR mode as a function of aging time in 
air at 80 ºC. (Data from Paper I) 
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The long-term efficiencies of the two antioxidants may also differ because the Irganox 
1076 has a long alkyl chain, which gives it a better solubility and mobility in the polymer 
matrix. Studies of different sorbitol fatty acid esters in PE reveal that their mobility 
depends on the length of the hydrocarbon chain [31]. The oxidation products of Irganox 
1076 may also improve its efficiency. The propionate group in Irganox 1076 gives 
oxidation products, and quinone methides (VI, VII) and dimers (VIII) are formed, 
(Scheme 11) [96, 97]. The quinone methides scavenge carbon-centred free radicals [98] 
and aromatisation of them can subsequently regenerate the phenolic function [96].  
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Scheme 11 Oxidation products from Irganox 1076, quinone methides (VI, VII) and dimers (VIII). 
 
Figure 10 presents the FT-IR transmission and ATR measurements of the materials 
during thermal aging. Analysis of thin film are possible by FT-IR transmission 
spectroscopy and the formation of carbonyl groups in the bulk and surface of the sample 
are measured, whereas ATR analysis only penetrates a thin layer of the sample and 
measure the carbonyl formation on the surface of the material.  
The development of carbonyls was greater on the surface than in the bulk for all materials 
in the early stages of the aging. The oxidation started therefore on the surface and 
continued into the bulk. Up to 340 hours, PE-Irg1076 exhibited a very low carbonyl index 
whereas the carbonyl index for PE-toc increased linearly already from the beginning. The 
antioxidants were efficient during the aging especially in the bulk of the polymer, but the 
efficiency of an antioxidant is also determined by its consumption in the surface and its 
diffusion to the surface where most of the oxidation occurs. Surface-limited oxidation 
causes the higher carbonyl index on the surface than in the bulk in the beginning of the 
aging. In the processing step there is a diffusion-limited oxidation with a depth of approx. 
10 µm which produces a thin layer of oxidation products on the surface of the polymer 
[92]. It also takes time for oxygen to diffuse into the bulk during the aging and impurities 
on the surface contribute to a higher surface oxidation.  
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Figure 10 Carbonyl Index for film-blown PE a) containing Irganox 1076 (PE-Irg1076) measured in 
transmission mode (TM), b) PE-Irg1076 measured in ATR mode, c) containing α-tocopherol (PE-toc) 
measured in TM, d) PE-toc measured in ATR mode, e) unstabilised PE (PE-ref) measured in TM, and f) 
PE-ref measured in ATR mode, as a function of aging time in air at 80 ºC. (Paper I) 
 
After aging of PE-ref 840 hours, the carbonyl absorbance was higher in the whole sample 
than on the surface. One explanation of this is that the carbonyl-containing oxidation 
products evaporated and were lost from the surface. It has earlier been shown that the 
gradual increase in carbonyl groups during oxidation of the polymer chain is followed by 
a decrease in carbonyl groups, when short-chain carboxylic acids are released to the 
surroundings [100].  
The oxidation is said to be more homogeneous in a thin film where the bulk and the 
surface are uniformly degraded [99] since the oxidation is chemically controlled and not 
diffusion controlled [92]. The results nevertheless display a heterogeneous degradation in 
the samples, but it is presumably more homogeneous than in the thicker compression-
moulded samples. It has been shown that there is a uniform distribution of antioxidants 
throughout compression-moulded samples after long aging times [75], indicating that the 
surface and bulk are uniformly degraded. 
 
The oxidation of the material was also monitored by total luminescence intensity (TLI), 
determined with CL in an inert atmosphere. This is a sensitive method for monitoring 
oxidation and antioxidant efficiency in polymers [64]. It has previously been proven that 
TLI is useful for the early detection of oxidation in thin degradable PE films [74, 93]. 
Figure 11 shows the CL intensity as a function of time for unaged PE-EAA/toc and at 
four different aging times, measured in an inert atmosphere at 180 ºC. When the polymer 
is heated, the CL intensity increases up to a maximum and then decrease. In an inert 
atmosphere, no further oxidation of the polymer is possible but the polymer still emits 
light. It has earlier been shown that at a given temperature the emission of CL from PE 
and PP samples, i.e. the area under the curve, denoted the Total luminescence intensity 
(TLI) is proportional to the hydroperoxide concentration before measurement [70, 71, 
79].  
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Figure 11 Chemiluminescence graphs obtained when PE containing EAA and α-tocopherol (PE-EAA/toc) 
(I) unaged, (II) aged 48 hours, (III) aged 144 hours (IV), aged 240 hours, and (V) aged 336 hours, was 
heated at 180 ºC in an inert atmosphere. (Paper II) 
 
Figure 12 shows the TLI up to 340 hours of oven-aging of PE-EAA/toc, and PE 
containing oat starch and α-tocopherol (PE-OS/toc), PE-toc and PE-ref. PE-EAA/toc had 
an induction time of over 150 hours, in contrast to PE-toc, which had no detected 
induction time. The intensity of the CL emission from PE-OS/toc was equal to the 
intensity of PE-toc and PE-ref during the aging.  
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Figure 12 Total luminescence intensity (TLI) determined by CL, as a function of aging time in air at 80 ºC 
for PE containing EAA and α-tocopherol (•) (PE-EAA/toc), OS and α-tocopherol (X) (PE-OS/toc), α-
tocopherol (○) (PE-toc), and for unstabilised PE (∆) (PE-ref). (Paper II) 
 
The TLI values in Figure 12 are shown only until the induction period is clearly evident, 
since the linearity between TLI and peroxide build-up is valid only in the early part of the 
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oxidation. The TLI and the peroxide formed during oxidation are similar in the early 
stages of oxidation, but as the oxidation proceeds the peroxide concentration rises more 
rapid than the TLI. This is believed to be because the CL originates in a rather small 
fraction of the total peroxides, and this fraction decreases with increasing peroxidation 
[79].  
PE-core/toc had the best performance during the oven-aging. The crystallinity did not 
decrease in this material, and this may have increased its long-term behaviour. One 
difference between the two additives is the large polar surface area of the core-shell 
microparticles. The low effect of starch indicates that the heterogeneity in the material is 
insufficient and that a better resemblance to the natural environment of α-tocopherol may 
be needed to achieve a better performance of α-tocopherol. One explanation of the longer 
induction times of PE-core/toc and PE-EAA/toc is that the observed increase in their 
performance was due to that α-tocopherol was more active in the more heterogeneous and 
more hydrophilic matrix containing the additives.  
 
The long-term efficiency of reference materials with Irganox 1076 was studied and Figure 
13 shows the TLI for PE containing EAA (PE-EAA), Irganox 1076 and EAA (PE-
EAA/Irg1076), oat starch (PE-OS), Irganox 1076 and oat starch (PE-OS/Irg1076), PE-
Irg1076 and also for PE-ref. PE-EAA/Irg1076 and PE-OS/Irg1076 had induction times 
similar to PE-Irg1076, and PE-EAA had an induction time of about 50 hours. The 
heterogeneity and polarity that EAA contributes to the system apparently had no effect on 
the Irganox 1076, because the EAA/Irganox 1076 system and the material stabilised with 
only the antioxidant had similar long-term performance. The amount of Irganox 1076 in 
the materials was the same (Table 3).  
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Figure 13 Total Luminescence Intensity (TLI), determined by CL as a function of aging time in air at 80 ºC 
for PE containing EAA (♦) (PE-EAA), containing EAA and Irganox 1076 (■) (PE-EAA/Irg1076), 
containing OS and Irganox 1076 (○) (PE-OS/Irg1076), containing Irganox 1076 (□) (PE-Irg1076) and 
unstabilised PE (∆) (PE-ref). (Paper II) 
 
 

 - 39 -



Results and Discussion 

4.1.2 Assessment of carboxylic acids from PE by gas chromatography-mass 
spectrometry (GC-MS) and head-space solid-phase extraction (HS-SPME) 
Carboxylic acids are among the major degradation products from PE and they have been 
shown to be related to the properties of LDPE [20]. Carboxylic acids emitted from the 
film-blown PE into air were assessed by head-space solid-phase microextraction (HS-
SPME) and gas chromatography-mass spectroscopy (GC-MS). The sensitivity of HS-
SPME was optimised for the extraction of carboxylic acids by selection of time and 
equilibrium temperature.  

4.1.2.1 Development of a HS-SPME method for extracting carboxylic acids emitted from 
PE 
Head-space solid-phase microextraction (HS-SPME) has to be optimised for the 
extraction of certain analytes to increase the sensitivity of the extraction. The sensitivity 
of HS-SPME for carboxylic acids was optimised by changing the equilibrium temperature 
and the time. A CW/DVB SPME fibre was used, since it had earlier been shown to have 
good extraction efficiency with a lower relative standard deviation (RSD) and carry-over 
of carboxylic acids after extraction from water than a carboxen/polydimethylsiloxane 
(CAR/PDMS) and a polyacrylate (PA) fibre (Paper IV). The CW/DVB SPME fibre has 
earlier been used for the extraction of polar degradation products such as carboxylic acids 
from unstabilised PE aged in air for 14 days at 60 or 100 ºC [24]. The HS-SPME 
extractions were performed for a certain time under non-equilibrium conditions since it 
has been shown that is not necessary to establish full equilibrium to perform quantitative 
analysis [54-56]. 1 µl internal standard in water was added to each vial before extraction. 
The amount emitted from carboxylic acids in the samples was determined by extraction of 
1 µl standard solutions in water from closed vial. The matrix effects in the standards and 
in the sample were thus differing and precise determination of the emitted amount of 
carboxylic acids from the PE samples could not be performed. The carboxylic acids in the 
diminutive amount of water were presumably less affected by matrix effects than the 
carboxylic acids in the PE samples. The standard solution contained 100 ng/µl each of 
propanoic, butanoic, pentanoic, hexanoic, heptanoic, octanoic, nonanoic and decanoic 
acid in water. Three different temperatures (40, 60 and 80 °C) and three different times 
(30, 45 and 60 minutes) were tested. 30 minutes and 80 °C gave the highest efficiency of 
the extraction.  

4.1.2.2 Method validation 
The linear range, the limit of quantification of the analytes (LOQ), the linearity and the 
relative standard deviation (RSD) for the studied carboxylic acids after HS-SPME at the 
optimal conditions for the extraction (CW/DVB fibre, 30 minutes and 80 °C, are given in 
Table 5.  
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Table 5 Linear range, limit of quantification (LOQ), linear relationships (R2) and relative standard 
deviations (RSD) after HS-SPME of carboxylic acids from 1µl water. 
 

Compound
Studied range 

(ng/ul)
Linear range 

(ng/ul)
LOQ (ng/ul) 

(S/N=10)
R2 RSD(%)

Propanoic acid 1-200 - 75 0.7168 20

Butanoic acid 1-200 5-200 5 0.9785 25

Pentanioc acid 1-200 10-200 10 0.9953 19

Hexanoic acid 1-200 5-200 5 0.9949 19

Heptanoic acid 1-200 10-200 10 0.9937 22

Octanoic acid 1-200 5-200 5 0.9793 15

Nonanoic acid 1-200 10-200 10 0.9699 26

Decanoic acid 1-200 - 50 0.8042 31  
 
Three extractions of each concentration were made. The full procedure is described in 
Section 3.3.5. The MS was set to total ion current (TIC) detection and the analysis on the 
mass spectra was made with Xcalibur 1.2 software. The TIC spectra were modified to 
reconstructed ion chromatograms (RIC) to achieve separation of the acids from co-eluting 
compounds and to get distinct peaks. The area response of the mass spectrometer for each 
analyte was compared to that of the internal standard, and linear relationships between the 
concentrations and the area ratios were found for all the studied acids with exception of 
propanoic and nonanoic acid. All the studied carboxylic acids had quite high RSD. 
Identification after HS-SPME of pentanoic and hexanoic acid from water has earlier 
shown to have low reproducibility [101]. 

4.1.2.3 HS-SPME and GC-MS identification of carboxylic acids emitted from the PE 
samples 
The amounts of emitted carboxylic acids were monitored during the aging. The analytes 
were extracted from closed vials containing the samples by HS-SPME and they were 
identified by GC-MS. A suggested mechanism of the formation of carboxylic acids is 
shown in Scheme 3. Figure 14 shows the plots of the increase of homologous series of 
amount emitted of carboxylic acids, from propanoic acid to decanoic acid, during aging 
up to 84 days for PE-toc, PE-EAA/toc, PE-core/toc, PE-Irg1076 and PE-ref. It is 
important to consider that shorter volatile carboxylic acids migrate more easily than 
longer ones, meaning that the composition detected by the HS-SPME is not the same as in 
the samples. PE-Irg1076 had no detected amount of propanoic acid, whereas the other 
four materials showed an induction time before there was a distinct increase in the 
propanoic acid amount. PE-Irg1076 had an induction time before the release of a 
detectable amount of butanoic acid of at least 10 days, and after 84 days the material had 
a higher amount of butanoic acid than the other materials.  PE-toc also exhibited an 
induction time, but it was shorter than that of PE-Irg1076 and the amount of butanoic acid 
then increased rapidly. The PE-core/toc material had a high and constant amount of 
butanoic acid. 
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Figure 14 Plots of the amount of (C3) propanoic acid, (C4) butanoic acid, (C5) pentanoic acid, (C6) 
hexanoic acid, (C7) heptanoic acid, (C8) octanoic acid,  (C9) nonanoic acid, and (C10) decanoic acid to 
amount of PE, (ppm), in I) PE-ref, II) PE-toc, III) PE-EAA/toc,  IV) PE-core/toc, and V) PE-Irg1076, as a 
function of aging time in air at 80 °C. (Paper IV) 

 - 43 -



Results and Discussion 

 
PE-EAA/toc had a low amount of butanoic acid and a slow increase. These data indicate 
that PE-Irg1076 and PE-EAA/toc were the materials with the highest stability. No large 
difference was seen between the materials in the increase of pentanoic acid and octanoic 
acid and in the amount of hexanoic acid was constant in PE-EAA/toc.  PE-Irg1076 had a 
high amount of heptanoic acid in the beginning at the aging, but at 84 days no heptanoic 
acid was detected. A decrease in the amount of nonanoic acid was found in PE-Irg1076, 
and an overall decrease in the amount of decanoic acid during the aging was seen in all 
the stabilised materials. 
 
The amounts of the different carboxylic acids vary in different samples and the pattern 
can be seen as a chromatographic fingerprint related to the properties of the sample [23]. 
The chromatographic fingerprints of the carboxylic acids in the stabilised materials (PE-
toc, PE-EAA/toc, PE-core/toc and PE-Irg1076) after 84 days of aging are shown in Figure 
15. PE-core/toc had the highest increase of the acids, whereas PE-Irg1076 had the lowest 
with no detected amounts of propanoic acid or heptanoic acid. PE-EAA/toc had a slightly 
lower amount of emitted carboxylic acids than PE-toc. 
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Figure 15 Amount of (C3) propanoic acid, (C4) butanoic acid, (C5) pentanoic acid, (C6) hexanoic acid, 
(C7) heptanoic acid, (C8) octanoic acid,  (C9) nonanoic acid, and (C10) decanoic acid to amount of PE, 
(ppm), in the stabilised materials after 84 days of aging in air at 80 °C. (In PE-Irg1076, C3 and C7 were not 
detected.)  
 
The introduction of EAA into PE thus affected the long-term stability according to the 
determination of the carboxylic acids emitted from the material, the carbonyl index, and 
the TLI. This could be because the efficiency of the antioxidant was increased chemically 
or by a lower degradation, or because a larger amount of antioxidant was present in the 
material i.e. the loss was smaller. It was not due to a lower loss of the antioxidant during 
the film-blowing according to the MAE/HPLC results. Therefore, the solubility and/or 
mobility of the α-tocopherol in the PE must have been affected. The EAA could have 
affected the solubility of the antioxidant in PE by self-association of the antioxidant and 
by altering the polymer-antioxidant interaction [27]. If the EAA made the PE matrix 
slightly heterogeneous and hydrophilic this could have decreased the self-association of 
the antioxidant. A relationship has been seen between thermo-oxidative stability of a 
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polymer and the separation behaviour of antioxidants, and this separation was directly 
correlated with solubility and depended on the composition of the antioxidant and the 
polymer blend [30].  The antioxidants are homogeneously distributed in the melt during 
processing, but during cooling polar antioxidants become defects in the semi-crystalline 
polymer. They are excluded from the crystalline phase and are retained in the amorphous 
phase [26]. EAA is also confined to the amorphous phase in the solid polymer and it is 
assumed that there are interactions between the EAA and the antioxidant, which would 
increase the solubility of α-tocopherol. EAA has higher polarity than PE due to its 
carboxylic groups and it is also compatible with the PE matrix [45]. It has been shown 
that a non-polar antioxidant like α-tocopherol is more efficient in a polar substrate and 
that the polar/non-polar balance governs the efficiency of the antioxidant [42]. The EAA 
could affect the mobility of the α-tocopherol through the total free volume of the system 
and the mobility of the polymer chain-segments [27].  
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4.2 Sensitivity in detection of oxidation in stabilised polyethylene films 
Chemiluminescence (CL) and gas chromatographic detection were compared to the 
commonly used methods, infrared red spectroscopy (FT-IR) and thermal analysis. 
Carboxylic acids assessed by head-space solid-phase microextraction (HS-SPME) and gas 
chromatography-mass spectroscopy (GC-MS) were related to carbonyl index, and the 
sensitivity and repeatability in the detection of oxidation by CL in an inert and in an 
oxygen atmosphere were compared to FT-IR and thermal analysis, in monitoring 
unstabilised and stabilised polyethylene (PE), aged at 80 ºC.  

4.2.1 Relation between emitted amount of carboxylic acids and carbonyl index 
Figure 16-18 shows the plots of carbonyl index and of emitted amount of the carboxylic 
acids of film-blown linear low density polyethylene (PE) containing α-tocopherol (PE-
toc), Irganox 1076 (PE-Irg1076), α-tocopherol and poly(ethylene-co-acrylic acid) (PE-
EAA/toc), α-tocopherol and polyTRIM-g-PAA core-shell microparticles (PE-core/toc), 
and also for unstabilised PE (PE-ref) as a function of aging time in air at 80 °C. The 
homologous series of propanoic acid to decanoic acid were monitored. The carboxylic 
acids that had the best agreement with the carbonyl index are shown in the plots. The HS-
SPME method of the carboxylic acids was optimised and validated as shown in the 
previous section (Section 4.1.2). 
 

--> -->

<--
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<--

-->

-->

<--

PE-EAA/toc

C3 C3

C3
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-->

PE-ref
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Figure 16 Plots of carbonyl index (∆) and emitted amount of propanoic acid (•) in the materials containing 
α-tocopherol; PE-toc, PE-core/toc and PE-EAA/toc, as a function of aging time in air at 80 °C. (Paper IV) 
 
The increase in propanoic acid emitted from PE-toc, PE-core/toc, PE-EAA/toc and from 
PE-ref, with an induction time and afterwards a fast increase, was in accordance with the 
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simultaneous increase in carbonyl index in the materials. Agreement was also seen 
between butanoic acid and carbonyl index in PE-EAA/toc, PE-Irg1076 and in PE-ref. In 
addition, the emitted amount of pentanoic acid in PE-ref and of hexanoic acid in PE-
Irg1076 showed quite a good agreement with the carbonyl increase in these two materials.  
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Figure 17 Plots of carbonyl index (∆) and emitted amount of butanoic acid (•) for PE-EAA/toc, PE-Irg1076 
and PE-ref as a function of aging time in air at 80 °C. (Paper IV) 
 
It is of interest to find indicators, degradation products that show a correlation to the 
degree of oxidation in a material, since they can be used for rapid predictions of oxidative 
stability. In the present case propanoic acid was the most suited acid to be used as an 
indicator of oxidation in the materials, even if the best agreement between the carbonyl 
index and one of the carboxylic acids was the increase in hexanoic acid emitted from PE-
Irg1076. Neither of the studied carboxylic acids could be used for earlier detection 
oxidation in the materials, since their increase started after the carbonyl index increase. 
This indicates that the carbonyl index had higher sensitivity in detection of oxidation. The 
carboxylic acids are formed as a result of various reactions of the alkoxy or peroxy 
radicals formed in the initial auto-oxidation of the material [21]. A probable route for 
formation of a carboxylic acid is by a radical decomposition of a hydroperoxide via an 
aldehyde (Scheme 3) [22]. The carbonyl index measures the average value of compounds 
that contains carbonyls i.e. carboxylic acids, dicarboxylic acids, ketones and aldehydes. In 
a future study it would be of interest to determine the amount of aldehydes in the 
materials since they are usually formed earlier during the oxidation than the carboxylic 
acids. It has been shown that there exists a competition between different compounds on 
the SPME fibre, and this is especially important when unknown samples with a wide 
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range of compounds with different polarities are studied [102]. In this work the 
carboxylic acids have a quite similar polarity and structure that presumably gave them 
low competition on the fibre.  
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Figure 18 Plots of carbonyl index (∆) and emitted amount of carboxylic acids (•) for PE-ref (pentanoic acid) 
and PE-Irg1076 (hexanoic acid) as a function of aging time in air at 80 °C. (Paper IV) 

4.2.2 Early oxidation detection by total luminescence intensity and carbonyl index 
CL measurements made in an inert atmosphere (Total luminescence intensity (TLI)) and 
carbonyl index data for all the film-blown PE materials (Table 1) are shown in Figure 19, 
(in graphs named a to n). For legibility, no error bars are presented in the figures. The 
relative standard deviation (RSD) of the carbonyl index measurements was low, the 
average RSD was 7 %, but that of the TLI measurements was greater, the average RSD 
was 13 %. The FT-IR measurements were made with an attenuated total reflection (ATR) 
unit, since it is of interest to compare ATR and TLI. ATR gives an early indication of 
oxidation on the surface of materials, and TLI is related to the concentration of 
hydroperoxides in a sample, as shown in the introduction and discussed in Section 4.1.1. 
The hydroperoxides are formed initially in the oxidation (Scheme 1). The absorption at 
1712 cm-1 in the FT-IR spectra was measured, and related to a reference peak. The 
formation of carbonyls on the polymer main chain is believed to occur through the 
decomposition of hydroperoxides as shown in Scheme 2. β-scission can also lead to 
carbonyl formation by decomposition of a hydroperoxide and the formation of aldehydes 
[2]. PE-toc (19 a and b), PE-OS/toc (19 c and d), and PE-ref (19 n and m), exhibited a 
higher increase in TLI than in carbonyl index during the aging. The other materials: PE-
Irg1076 (19 e and f), PE-OS/Irg1076 (19 g and h), PE-EAA/Irg1076 (19 i and j) and PE-
EAA/toc (19 k and l) showed similar results with the two techniques. The agreement 
between the TLI and FT-IR techniques in monitoring the long-term properties of 
polyolefins has also been seen in the case of polypropylene (PP) (Paper III). The 
agreement between the techniques is explained by the phenolic antioxidant mechanism in 
the material. Hindered phenols act primarily as hydrogen donors, as shown in the 
introduction. The transformation of peroxy radicals into hydroperoxides prevents a rapid 
increase in the total amount of free radicals. The reaction of the antioxidants with peroxy 
radicals decreases both the CL signal and the carbonyl build-up in the materials until the 
induction time is reached. During the induction period, only a slow oxygen uptake takes 
place, the stabiliser is consumed and a small increase in hydroperoxides can be seen in the 
TLI values. After the induction period, degradation of the material occurs with carbonyl 
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build-up and a rapid increase in hydroperoxide concentration. This is evident in PE-
Irg1076, PE-OS/Irg1076, PE-EAA/Irg1076 and PE-EAA/toc.  
 

 
c) d)

a)
b)

g)

h)

e)

f)

n)

m)

k)
l)

j)
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Figure 19 Plots of TLI (•) and Carbonyl Index (CI) (□) up to 504 hours or 840 hours of aging in air at 80 
ºC. a) TLI of PE-toc, b) CI of PE-toc, c) TLI of PE-OS/toc, d) CI of PE-OS/toc, e) TLI of PE-Irg1076, f) CI 
of PE-Irg1076, g) TLI of PE-OS/Irg1076, h) CI of PE-OS/Irg1076, i) TLI of PE-EAA/Irg1076, j) CI of PE-
EAA/Irg1076, k) TLI of PE-EAA/toc, l) CI of PE-EAA/toc, m) TLI of PE-ref, and n) CI of PE-ref. The 
scales on the inserted graphs are the same as in the figures. (Paper III) 
 
In the case of PE-ref, PE-toc and PE-OS/toc, oxidation was detected earlier with TLI than 
with the carbonyl index.  It has earlier been shown that the concentration of carbonyls in 
unstabilised PP at a given time is proportional to the integral of the hydroperoxide 
concentration [46]. The difference seen between the CL and FT-IR measurements for PE-
toc and PE-OS/toc (Figure 19 a-d) may have been due to the oxidation of α-tocopherol 
[103, 104], which would have contributed to an early increase in TLI. It has been revealed 
that antioxidants can add to the CL intensity and they are therefore often removed from 
the polymer by soxhlet-extraction before the CL analysis. The results show that α-
tocopherol gave no contribution to the CL intensity in the inert atmosphere 
measurements, because the TLI build-up of PE-ref was very similar to that of PE-toc and 
PE-OS/toc. One explanation is that PE-toc and PE-OS/toc were poorly stabilised during 
the aging, with a high peroxide concentration in the materials and consequently high TLI-
values.  
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Figure 20 shows the CL intensity, measured under isothermal conditions in an inert 
atmosphere, of PE-ref, PE-toc and of PE-Irg1076 at two aging times and for the unaged 
samples. Figure 21 shows the FT-IR spectra for the same samples.  
 

 
Figure 20 TLI versus the aging time, in air at 80 ºC, of PE a) unstabilised (PE-ref) unaged, b) PE-ref aged 
16 hours, c) PE-ref aged 144 hours, d) containing 0.1 % α-tocopherol (PE-toc) unaged, e) PE-toc aged 16 
hours, f) PE-toc aged 144 hours, g) containing 0.1 % Irganox 1076 (PE-Irg1076) unaged, h) PE-Irg1076 
aged 16 hours and, i) PE-Irg1076 aged 144 hours. (Paper III) 
 

A considerable increase in TLI was seen 
already after 16 hours in the case of PE-ref 
and PE-toc, whereas the FT-IR spectra 
showed no increase in the carbonyl region 
after this period of aging. After 144 hours, 
PE-Irg1076 showed a small increase in TLI 
but no IR absorbance due to carbonyls at 
1714 cm-1 in the FT-IR spectrum. The 
detection of CL before the detection of 
carbonyls in the materials is expected, since 
hydroperoxides are formed early in the 
oxidation of the material (Scheme 1e). They 
also show a gradual decrease in stability, 
decomposing to carbonyl groups (Scheme 
2) [7]. This is in accordance with an earlier 
study where TLI, determined from ramp 
experiments, was shown to be more 
sensitive and to give an earlier detection of 
oxidation than FT-IR on degradable PE 
[74]. The FT-IR measurements were less 
sensitive to this early oxidation. The TLI 
method was therefore considered to be a 
suitable technique for determining the 
stability of the materials at an early stage of 
aging. 
 
 
 
 
 
 

Figure 21 FT-IR ATR spectra of PE a) unstabilised (PE-ref) unaged, b) PE-ref aged 16 hours, c) PE-ref 
aged 144 hours, d) containing α-tocopherol (PE-toc) unaged, e) PE-toc aged 16 hours, f) PE-toc aged 144 
hours, g) containing Irganox 1076 (PE-Irg1076) unaged, h) PE-Irg1076 aged 16 hours and, i) PE-Irg1076 
aged 144 hours, in air at 80 ºC. (Paper III) 
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4.2.3 Comparison of OIT’s measured by CL and DSC   
The relation between the oxygen induction time (OIT) determined by CL or by 
differential scanning calorimetry (DSC) of PE-toc and PE-Irg1076 during aging is shown 
in Figure 22. In an oxygen atmosphere, both the CL and the DSC measurements on 
stabilised samples show an induction period before a rapid increase in oxidation, as seen 
in Figure 6 where DSC thermograms are shown. This oxidation induction time was 
monitored. The OIT-values were determined on pre-oxidised samples. The DSC-OIT then 
measures the remaining phenolic antioxidant efficiency in the materials [75] i.e. the time 
at which all the antioxidants are consumed and a significant oxidative exothermic 
response is obtained. CL-OIT also measures the time to consumption of all the 
antioxidant in the sample, but the CL intensity is related to the hydroperoxide 
concentration in the material and measures the chain termination. The chain propagation 
measured by DSC is linearly related to the square root of the CL intensity [105]. 
 

a)

b)

c)

d)

 
 

Figure 22 CL-OIT (•) and DSC-OIT (○) versus the aging time, in air at 80 ºC, a) PE containing 0.1% α-
tocopherol  (PE-toc), b) PE-toc, c) PE containing 0.1% Irganox 1076  (PE-Irg1076) and, d) PE-Irg1076.The 
scales on the inserted graph are the same as in the figure. (Paper III) 
 
The agreement between the techniques was very good for PE-toc but less good for PE-
Irg1076. The average RSD of the DSC-OIT measurements was 10 % and that of the CL-
OIT measurements was 20 %. OIT-values determined by DSC and by CL on PP have 
earlier been shown to be in good agreement [106]. In Figure 7 the DSC-OIT values of the 
compression-moulded material containing Irganox 1076 during aging had a similar 
decrease as the CL-OIT curve for the film-blown PE-Irg1076.  

4.2.4 CL techniques: Comparison of oxidation detection by TLI and OIT  
Figures 23 and 24, and Table 6 show results of CL measurements on stabilised PE 
performed by TLI and CL-OIT. The mechanism for CL emission in PE is believed to 
involve the steps in Scheme 10. It requires at least one of the combining radicals to be 
primary or secondary. The CL mechanism in an oxygen atmosphere is still the subject of 
debate. The existence of an excited ketone is known, but its origin has not been 
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determined. Both unimolecular hydroperoxide decomposition and bimolecular 
hydroperoxide decomposition are possible routes for the creation of the ketone.  
 
Figure 23 shows the TLI and CL-OIT values for PE-toc and PE-Irg1076 at different times 
during the aging. A low aging temperature (80 ºC) was used to get more realistic results, 
since Non-Arrhenius behaviour has been observed with PE [107, 108].   
 

a)

b)

c)

d)

 
 
Figure 23 TLI (-♦-) and CL-OIT (○) versus the aging time, in air at 80 °C, a) TLI of PE containing 0.1 % 
α-tocopherol (PE-toc), b) OIT of PE-toc, c) TLI of PE containing 0.1 % Irganox1076 (PE-Irg1076), and d) 
OIT of PE-Irg1076,. The scales on the inserted graph are the same as in the figure. (Paper III) 
 
The TLI increased at almost the same time as the OIT decreased.  For PE-Irg1076, very 
good agreement is visible; depletion of almost all antioxidant from the material occurs at 
the same time as the TLI and the concentration of hydroperoxides in the material begin to 
increase. Table 6 presents TLI and CL-OIT data for the materials containing α-tocopherol 
and starch (PE-OS/toc) and Irganox 1076 and starch (PE-OS/Irg1076). A behaviour 
similar to that of PE-toc and PE-Irg1076 is visible, showing that the addition of starch had 
only a small effect on the long-term properties of the materials.  
 
Table 6 TLI and CL-OIT of PE containing oat starch and α-tocopherol (PE-OS/toc) or Irganox1076 (PE-
OS/Irg1076), during aging in air at 80 °C.  
 

Aging time (hours) 

Material Method 0 16 24 48 72 144
TLI *103 (counts/mg) 12.5 286.6 477.5 453.2 619.0 648.2
OIT (minutes) 41.0 5.5 5.3 4.5 3.8 3.8
TLI *103 (counts/mg) 92.9 151.2 118.1 188.5 189.5 132.3
OIT (minutes) 31.5 28.3 23.0 22.5 28.8 16.5

PE-OS/toc

PE-OS/Irg1076
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TLI and CL-OIT of the PE-EAA/toc and PE-EAA/Irg1076 during aging are shown in 
Figure 24. No agreement between the two techniques is evident. The OIT values were 
low, indicating a low antioxidant concentration in the materials. The TLI curve showed an 
induction time, which was over 150 hours for PE-EAA/toc and over 300 hours for PE-
EAA-Irg1076, meaning that the hydroperoxide concentration in the materials was low 
until the rapid increase occurred. This indicates, in contrast to the OIT, that the material 
was efficiently stabilised. OIT is not a suitable method for determination of stability 
towards oxidation in thermally unstable materials, since it was performed at a temperature 
of 180 °C.  However, also the TLI measurements were performed at 180 °C. The only 
difference between the techniques is the atmosphere surrounding the samples.  The OIT 
measurements were made in an oxygen atmosphere and the TLI analysis in an inert 
atmosphere. One explanation is that EAA enhanced the consumption of the antioxidants 
in the oxygen atmosphere at the high temperature of 180 °C. If so, TLI analysis are a 
more reliable technique, since it only measures the inherent oxidation. The TLI curve also 
agreed with the carbonyl index measurements.  
 

b)

c)d)

a)

 
 
Figure 24 TLI (-♦-) and CL-OIT (○) versus the aging time, in air at 80 °C, a) TLI of PE containing α-
tocopherol and EAA (PE-EAA/toc), b) OIT of PE-EAA/toc, c) TLI of PE containing Irganox 1076 and 
EAA (PE-EAA/Irg1076), and d) OIT of PE-EAA/Irg1076. The scales on the inserted graph are the same as 
in the figure. (Paper III) 
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5 Conclusions 

The antioxidant efficiency of a natural antioxidant in polyethylene (PE) during long-term 
aging was improved and similar to the efficiency of a synthetic antioxidant when its 
natural environment was modelled. The natural environment of the natural antioxidant 
vitamin E (α-tocopherol) was modelled by incorporation of two additives containing 
carboxylic groups in PE, poly(ethylene-co-acrylic acid) (EAA) or polyTRIM/PAA core-
shell microparticles (Core). According to carbonyl index measurements, both the systems 
improved the efficiency of α-tocopherol during the aging. The carbonyl index was 
determined by Fourier transform-infrared spectroscopy (FT-IR). The Core system had the 
greatest improvement. The crystallinity was constant in this material during the aging, 
and this may have increased its long-term behaviour. The amount of carboxylic acids 
emitted from the materials after thermal aging, assessed by head-space solid-phase 
microextraction (HS-SPME) and gas chromatography-mass spectroscopy (GC-MS), also 
showed that EAA increased the antioxidant efficiency of α-tocopherol, whereas the Core 
system showed poorer antioxidant efficiency. A third additive system, oat starch, was also 
investigated. These systems gave no effect, indicative of that the heterogeneity in the 
materials was insufficient, and that a better resemblance to the natural environment of α-
tocopherol may be needed to achieve a better performance of α-tocopherol. Reference 
systems containing the synthetic antioxidant Irganox 1076 and EAA or oat starch had the 
same performance as the materials stabilised with only the antioxidants. Therefore, the 
more heterogenic and hydrophilic matrix apparently had no effect on the systems 
containing Irganox 1076. 
 
Chemiluminescence (CL) measurements in an inert atmosphere (TLI) have earlier been 
shown to give earlier detection with a higher sensitivity than carbonyl index 
measurements of oxidation in unstabilised PE. The results obtained in this work agreed 
with the earlier results only for the unstabilised PE and for two other poorly stabilised 
materials. The earlier detection with TLI is expected for materials with a weak or no 
antioxidant function, since the concentration of an initial oxidation product is related to 
the TLI. For systems showing higher stability, the TLI had the same sensitivity as the 
carbonyl index. The high correlation between the techniques was most probably due to 
the antioxidant function in these materials, which decreased both the hydroperoxide and 
carbonyl build-up.  
Low-molecular weight carboxylic acids were related to the carbonyl index in the 
materials, and the carbonyl index measurements had earlier oxidation detection and 
higher sensitivity than the increase in amount of emitted carboxylic acids. Propanoic acid 
was found to be the most suited carboxylic acid for use as an indicator of oxidation in the 
materials, even if the best correlation was the increase in hexanoic acid emitted from the 
material stabilised with the Irganox 1076 and its carbonyl index.  
It was also found that TLI and CL in an oxidative atmosphere (CL-OIT) had the same 
sensitivity and were in accordance for all of the materials, with exception of the materials 
containing EAA and α-tocopherol or Irganox 1076. It was inferred that EAA enhanced 
the oxidation in these materials during the OIT measurements.  
The CL-OIT was compared to OIT determined by differential scanning calorimetry 
(DSC), and they showed a good agreement for the material stabilised with α-tocopherol, 
but a poorer agreement for the material stabilised with Irganox 1076. In addition, the 
repeatability of the techniques was assessed and the carbonyl index and the DSC-OIT had 
a smaller uncertainty than the TLI, CL-OIT and the GC-MS/HS-SPME analyses, with 
carbonyl index showing the best repeatability and DSC-OIT a good repeatability. 

 - 55 -



Conclusions 

  
 

 

 - 56 -



Future work 

6 Future work 

In nature, the relationship between chemical microstructure, supra-molecular organisation and 
physical properties is obvious and attractive to use in the design of polymer systems. The 
hierarchical structure is evident in the wood cell where the matrix is composed of fibres of 
crystalline cellulose, amorphous hemicelluloses and a network of lignin, together creating a 
strong and flexible material. The wood cell is an example of how nature combines polymers 
with different hydrophobic and hydrophilic parts. Both the crystallinity and the 
hydrophobic/hydrophilic interactions determine the sensitivity to oxidation. By learning from 
the microstructure of natural polymers, it is possible to design and produce materials with new 
additive systems aimed at enhancing the polymer-additive interaction. 
In the work described in this thesis, an attempt was made to mimic nature by modelling the 
natural environment for natural antioxidants. The additive systems consisted of a polyethylene 
copolymer and a natural antioxidant and of a core-shell microparticles and antioxidant, each 
of these additive systems could have created micro-domains with active environments suitable 
for the antioxidant, and they were shown to increase the efficiency of the antioxidant during 
long-term aging.  The next step is to further examine additive and natural antioxidant 
interaction by using additives with different functionalities and different antioxidants in 
various concentrations.  
Another interesting subject is the possible synergism between two or several antioxidants in a 
system with appropriate additives. In nature, α-tocopherol acts synergistically with ascorbic 
acid, but in polyethylene no synergism has been seen. By creating a more suitable 
environment for the two antioxidants, their synergism could also improve the efficiency of 
e.g. α-tocopherol in polymers. 
It was also found that the traditionally used infrared spectroscopy were as good as the newer 
chemiluminescence technique for the detection of oxidation in stabilised systems. Of course, 
similar testing of other stabilisation systems and other polymers than polyethylene and 
polypropylene should be carried out. 
Using chromatographic analysis, the release of one of the major degradation products from 
polyethylene, carboxylic acids, was followed during the aging and compared to the increase in 
carbonyl index in the materials. It would be of interest to continue to investigate the 
degradation products from e.g. polyethylene in the hope of identifying one degradation 
product that could be used as an indicator for the degradation in polymer matrixes. The 
patterns of the carboxylic acids, i.e. the fingerprints were used for the determination of 
stability in the materials. A further development of chromatographic fingerprinting of 
degradation products in different environments could give information regarding degradation 
mechanisms and ultimately life-time predictions in various systems and polymers.  
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