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OXIDATION INITIATED BY A POLYMER CONTACT SURFACE

by
Corey L. Berends

Dr. Joseph E. Marcy, Chairman
Food Science and Technology

(ABSTRACT)

In this study, low density polyethylene (LDPE) and polyethylene terephalate
(PETE) resin beads were ground to a coarse powder and exposed to sterilizatiqn
treatments applied to the food contact surface of packaging materials used in
aseptically processed and packaged food. Electron paramagnetic resonance
(EPR) analyzed free radical (-CH,CHCH=CHCH,-) production on the surface of
LDPE exposed to heat (107°C) and treatments of heat (107°C) + 30% hydrogen
peroxide solution (H,0,). As the temperature was raised from 100° to 200°C,
peak intensity of carbon radicals produced gradually increased. The sensitivity of
EPR prevented detection of free radicals on LDPE, exposed to H,O, treatment,
due to residual peroxide and H,O condensation on the surface of LDPE.
D-limonene was placed in 12ml sealed glass vials containing a sodium citrate
buffer solution (pH=3.7), under atmospheric O, (21%) conditions. Oxidation of
d-limonene, placed in intimate contact with untreated, H,O, treated, and

ultraviolet (UV) light (650mW/cm?) treated LDPE for 15 weeks, was measured to



determine the capacity of an oxidized polymer to initiate autoxidation. The
oxidation of d-limonene in vials containing no polymer was also measured.
Production of carvone and carveol were used as an index for oxidation. No
polymer and UV treated samples showed significantly (P<0.05) higher levels of
carvone and carveol than samples containing untreated and H,O, treated LDPE.
Samples containing no polymer oxidized d-limonene at the highest rate, but not
significantly faster than solutions containing UV treated LDPE. Accumulation of
carvone and carveol was zero order.

Linoleic acid, in a model food solution, was placed in intimate contact
with untreated, H,O, treated, and UV treated LDPE and PETE to determine the
oxidation initiating effect of an oxidized food contact polymer. A model solution
which contained linoleic acid with no polymer was also utilized. The
accumulation of hexanal, evacuated from the headspace of glass test cells
containing model food solution, was used as the index of oxidation. Test
conditions of 5% and 21% O, were used to determine the effect of O,
concentration. UV treatment of PETE showed the most significant (P<0.05)
accumulation of hexanal over time. Untreated LDPE resulted in significantly
(P<0.05) smaller accumulations of hexanal. Linoleic acid solution containing no
polymer were shown to oxidize at a rate comparable to untreated and H,0O,
treated PETE, and H,0, and UV treated LDPE. Samples containing treated and

untreated PETE oxidized significantly more rapidly than treated and untreated

LDPE.
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INTRODUCTION

Maintaining quality and shelf-stability of aseptically packaged products poses a
significant problem due to the absorption and oxidation of select flavor and/or
aroma compounds. Some variations in the shelf-life of aseptic foods are not
explained by normal factors such as headspace oxygen, storage temperature,
package defects or barrier properties of packaging materials. Foods and
beverages sensitive to heat are processed and packaged aseptically for the purpose
of providing a higher quality product with greater nutrient retention (David,
1992). Although a high quality product is produced compared to conventional
canning, the product as received by the consumer is not always of superior quality.
The problem is of particular importance in foods containing essential flavor and
aroma compounds that are absorbed by the food contact surface. An oxidized
polymer is thought to be a capable initiator of oxidative reactions in the food.
Determination of aseptic stability/degradation must include the production of free-
radicals by the food contact surface with implications for the production of off-
flavors via autoxidation processes. Quantitative measurements of volatile
absorption does not compensate for polymer initiated oxidation of these sensitive
compounds.

The absorption of flavors by the food contact surface of aseptically packaged

products, usually low density polyethylene (LDPE), has been the subject of



intensive research (Mannheim et al., 1987; Baner et al., 1991; Paik and Tigani,
1993; Sadler and Braddock, 1991; Sadler and Braddock, 1990; Mohney et al.,
1988). The problem of sorptive loss has been compensated for by the addition of
extra flavor compounds to a level significantly higher than required to maintain
sufficient concentration for acceptable flavor and mouthfeel. Oxygen permeates
the laminate structure, albeit slowly, via flex cracking of the aluminum foil barrier
or by permeation through the barrier plastic layer. As the concentration of select
flavor compounds increases a greater amount will be absorbed into the matrix of
the polymer, through solvation processes, causing swelling and increased
permeability to oxygen. As oxygen diffuses through the polymer, readily available
flavor volatiles in the matrix and on the film surface will set the stage for the
autoxidation process. Depending upon the concentration, flavor components
could become layered (unequal dispersion in food with higher concentration at
interface) at the food contact surface, increasing the rate of oxidation via chain
reaction. This phenomena may have a greater impact on the quality and shelf-
stability of aseptically packaged foods than simple loss of flavor through scalping.
The degradation of the food contact polymer, usually LDPE, via
photoxidation, irradiation, thermal extrusion processes, or heat treatment with
hydrogen peroxide could contribute to the reduction of shelf-stability of aseptically
packaged foods, independent of all other factors. During the extrusion coating

process of aseptic flexible laminate cartons, free radicals can be mechanically and



thermally produced. Most of these free radicals are quickly dissipated through
recombination and quenching by atmospheric oxygen. These oxygenated
compounds on the surface and in the bulk phase of the polymer are then available
to absorb UV light during storage to continue this oxidation/degradation of the
polymer. Package sterilization processes expose the food contact layer of aseptic
packages to a 35% solution of hot H,0O, (85°C) followed by evaporation at
temperatures of 100°C. Other manufacturers use UV light for film surface
sterilization. These processes may be sufficient to create free radicals on the
surface and throughout the matrix of the food contact polymer.

Mannheim et al. (1987) reported that the corona-treated and untreated
contact surface of polyethylene accelerated the rate of ascorbic acid degradation
immersed in solution, with the oxidized film having the greatest effect. Bojkow et
al. (1976) and Mannheim et al. (1987) reported the use of elevated temperatures
(320°C) by some manufacturers during the coating operation, may result in
excessive surface oxidation and thus adversely affect the product (Leong et al.,
1992). Although free radicals dissipate quickly, they may remain while product is
introduced into the container. The formation of oxygenated compounds (C=0,
C-OH, COOH, etc.) and possibly free radicals on the surface and/or the bulk
phase of the polymer could initiate autoxidation of compounds essential to flavor
quality. The affinity/absorption of d-limonene, fatty acids, and other select

compounds to the food contact polymer could set the stage for polymer initiated



oxidation at the product/package interface, developing off-flavor and effectively
reducing product storage life and quality.

The goal of this research is to determine if select flavor volatiles are degraded
on the film surface causing an autoxidative chain reaction in the food. Assuming
all independent variables involved in maintaining shelf-stability of aseptically
packaged products can be controlled (oxygen content, temperature, absorption,
migration, and light), we will test whether the oxidative state of the polymer could

be involved in autoxidation of aseptically processed food components.

OBJECTIVES:

1. Determine if free radicals are produced on a polymer surface during the
sterilization process of aseptic packaging.

2. Determine if the food contact layer acts as a free radical donor capable of
initiating oxidation of flavor compounds, resulting in the development of off-
flavors.

3. Determine the effect of flavor/polymer affinity and headspace oxygen

concentration on the rate of oxidation of flavor compounds.



SECTION I: LITERATURE REVIEW

POLYMER OXIDATION AND STABILIZATION

Free Radical Chain Mechanism of Autoxidation

All polymers are oxidized and deteriorated to certain extents by molecular oxygen
and other oxidizing species present in the atmosphere by a free radical chain
mechanism (Kamiya, 1983). Numerous researchers have studied the degradation
of polyethylene (PE) via oxidation since the 1940’s when the British Rubber
Producers Association developed the general fundamental mechanism for the
uncatalyzed autoxidation of polyolefins (Jellinek, 1989; Gugumus, 1990; Cicchetti,
1970). Several oxidation schemes have been devised to represent the steps in
which PE and other polymers may become oxidized and degraded (Kamiya and
Niki, 1983; Cicchetti, 1970). The general autoxidation scheme for solid polymers

can be described in three stages: initiation, propagation, and termination (Fig. 1).



Initiation: Substrate ----> free radicals 1)
(Re, RO, RO,¢, ¢OH, etc.)

Propagation: Re+ O, ----> ROOe 2)
ROOe+ RH ----> ROOH + Re (3)
Termination: 2Re ----> R-R 4)
RO, ----> ROOR + O, %)
Re+ RO,e ----> ROOR (6)

Figure 1. General autoxidation scheme for solid polymers.

Initiation (1) begins with the abstraction of a hydrogen atom creating a free
radical. There have been several possible mechanisms and/or reactions postulated
for the generation of radicals. The triplet state oxygen molecule in the
atmosphere is a radical and has been thought to abstract a hydrogen atom from
organic compounds (Kamiya and Niki, 1983). Being endothermic this reaction is
thermodynamically and kinetically unfavorable occurring slowly at ambient
temperature. The bond dissociation energy of the C-H bond is >75 kcal/mole,
while that of the H-O, bond is only 49 kcal/mole. At moderately elevated
temperatures, however, this reaction becomes feasible (Kircher, 1987). Free

radicals might also be initiated via mechanical fracture (mechano-radicals) of solid



polymers through scission of polymer chains (Sohma, 1979). Igarashi (1983)
ground HDPE under liquid nitrogen using a hand grinder found free radical
formation. He attributed the primary main chain radicals (-CH,-CH,) to
mechanical fracturing of polymers, including chain scission, slippage and chain
unfolding. During the formation of resin, polymer is heated to molten and
mechanically sheared giving rise to free radicals and initiating autoxidation. As
free radicals are formed they are immediately quenched by molecular oxygen
and/or dissipated via recombination. The reaction of oxygen with the carbon
radical gives a peroxy radical (2), which can then in turn abstract a hydrogen atom
giving a hydroperoxide and creating another free radical (3), hence propagation.
In the presence of sufficient oxygen, reaction (2) occurs extremely fast. In the
absence of inhibitors, the rate of oxidation is dependent upon the competition
between propagation (3) and the termination steps in autoxidation (4,5,6). The
decay of hydroperoxides leads to generation of radicals and main chain cross-

linking which accelerates the degradation of polymer chains (Jellinek, 1989).

Photo-oxidation

After resin manufacture and/or extrusion processes and subsequent storage,
polymers are extremely sucseptible to photo-oxidation. The photo-oxidation of
polymer films leading to physical and mechanical degradation has been extensively

studied (Tsuji, 1973; Cicchetti, 1970; Tsuji, 1973; Shimada et al., 1970).



Hypothetically, most saturated polymers in pure form should not absorb UV
sunlight reaching the earth (wavelengths above 295 nm). However, degradation of
polymers does take place upon exposure to UV light of wavelengths above 300
nm (Osawa, 1983). Photo-oxidation must be attributable to chromophoric groups,
such as hydroperoxides, carbonyl groups and oxygen-polymer charge transfer
complexes, which become sensitized upon exposure to UV light. Photolysis of the
carbonyl compounds occurs via Norrish type I and type II reactions, yielding chain
scission and radical formation. Further oxidation of the carbonyl-bearing radical
yields an accumulation of carboxylic acids, due to their insensitivity to UV light.
Photochemical decomposition of hydroperoxides involves bimolecular reactions
with neighboring chain segments yielding ketones and aldehydes.

The extended storage of a food contact polymer exposed to the atmosphere
could continue the degradation process of radical formation, chain scission and
production of oxygenated compounds, ultimately affecting the quality of a shelf-

stable product.

ESR/EPR Measurement of Free Radical Formation

The phenomenon of free radical creation and subsequent reaction with
atmospheric oxygen leading to the aging or degradation of polymers has been
measured by numerous instruments over the past few decades applying a variety

of methods. Calorimeters, monitoring heat generated or consumed by chemical



reactions or physical processes, have been used to monitor the oxidative reactions
of polymers. Paulsson (1993), studying the oxidation of aged polyethylene using a
microcalorimeter, reported normal heat flow values (1W/g) for samples exposed to
nitrogen, air, and 100% oxygen at 70°C. He reported very little change in
mechanical and other properties of aged, normal stabilized polyethylene until a
sudden change leading to cracks was seen, which was attributed to a loss of
oxidation stablizers. Microcalorimeters can be used to study the oxidative
degradation of old or degraded polyethylene at moderate temperatures
(70°C)(Paulsson, 1993).

Van der Mei et al. (1991) used attenuated total reflection infrared
spectroscopy (ATR-IR) and x-ray photoelectron spectroscopy (XPS) to measure
the aging effects of repeatedly glow-discharged (Gld) polyethylene. The
absorption spectra of the IR revealed peaks attributable to carboxylic acid groups,
carbonyl groups, and hydroxy groups after at least five Gld treatments. IR
absorption was obviously not sensitive enough to reveal any surface modification
for less than five GId treatments. This is due to the depth of the surface layer
probed (0.3-3 xm) and the insufficient concentration of oxygen-rich components in
comparison with other components in the polyethylene film thickness analyzed
(Van der Mei et al., 1991). XPS measured the intensity of C,; and O,, peaks,
enabling calculation of the O/C concentration. XPS was successful in detection of

hydrophilic groups, but could not detect the displacement of a hydrophilized



group away from the surface towards the bulk material due to the 2-5 nm probing
depth. Garbassi et al. (1989) found that aging of oxygen glow-discharged
polypropylene was undetectable by XPS.

Measurement and detection of free radical formation via gamma irradiation,
ultraviolet irradiation, electron beam, plasma-irradiation, mechanical fracture and
thermal exposure has been studied by a host of investigators using Electron Spin
Resonance (ESR) or Electron Paramagnetic Resonance (EPR) (Shimada et al,,
1970; Tsuji, 1973; Kuzuya et al., 1991; Sakaguchi et al.,, 1993). ESR allows for
the sensitive detection of free radicals formed on the surface of polymers. The
development of free radicals is dependent upon the method of initiation. Kuzuya
et al. (1993) reported the midchain alkyl radical (-CH,CHCHS,-) and allylic radical
(-CH,CHCH=CHCH,-) upon exposure of polyethylene to plasma irradiation.
Upon ultraviolet light irradiation of polyethylene the primary process of radical
formation (-CH,-CH-CH,) is a Norrish type I reaction of carbonyl groups
contained in the polymer (Anonymous, 1973). It was found that free radicals are
present only in amorphous regions in which oxygen molecules can diffuse very
easily, and that free radicals are produced from carbonyl groups in the amorphous
regions only. Carbonyl groups in the crystalline regions do not contribute to
radical formation probably due to light scattering (Anonymous, 1973). Sohma
(1979) used ESR to study free radicals formed upon mechanical fracture of

polypropylene under cryogenic conditions. Mechano-radicals are scission type (-

10



CH,-CH-CH; and CH,-CH-CH,-), whereas irradiation produces the midchain

radicals mentioned above.

Reactivity of Free Radicals with Oxygen

Most polymer radicals formed by high-energy irradiation are rapidly converted to
peroxy radicals in the presence of oxygen at room temperature. Plasma-irradiated
polyethylene, exposed to air, formed unstable peroxy radicals that undergo a rapid
chain termination reaction through the hydroperoxide, consuming several moles of
oxygen (Kuzuya et al., 1993). Sohma (1979) found differences in the reactivity of
free-radicals formed by mechanical fracture and gamma-irradiation. At elevated
temperatures (200 K), nearly 100% (complete conversion is never obtained due to
the competition of recombination reactions) of the mechano-radicals had
converted to peroxyradicals, while only 40% of the gamma-irradiated radicals had
gone through conversion. This clearly shows the high reactivity of mechano-
radicals with oxygen molecules. However, the accessibility of a reactant to a
trapped polymer radical through diffusion of the reactant may be the most
important consideration in determining the rate or occurrence of a reaction. If a
reactive free-radical is trapped on the surface of a polymer, to which any reactive
molecules are freely accessible, the reaction does occur rapidly (Sohma, 1979).
Free-radicals in the matrix are less accessible to the diffusion of even small

molecules like oxygen, but with time and/or elevated temperatures some fraction

11



of oxygen may penetrate to the trapped polymer radicals. The high reactivity of
mechano-radicals can be attributable to the fact that they are trapped on fresh
surfaces, in the amorphous region of polymers, produced by fracture, as compared
with gamma-irradiated radicals which are produced in the crystalline region, less

accessible to permeating reactant species (Sohma, 1979).

Antioxidants

Practically all commercial polyolefins, the most widely used thermoplastic
polymers, contain at least one antioxidant to protect them againts thermal and
oxidative breakdown during processing and for end-use application (Munteanu,
1990). Polymers are attacked by oxygen during processing (only limited oxygen is
involved in high temperature processes that generate C-centered radicals) and
degraded by a number of physical and chemical causes during atmospheric aging
(solar radiation, mechanical strain, oxygen and humidity) (Pospisil, 1983).
Stabilizers protecting various organic subtrates against atmospheric oxygen and
ultraviolet light have been used for years in an attempt to retard decomposition.
The rate of oxidation can be limited (1) by using compounds that compete with
the rate of ROOH homolysis in the propagation or chain branching step and (2)
by scavenging radicals (RO, R-) (Pospisil, 1983). Gugumus (1990) evaluated the
efficacy of hindered-amine light stabilizers (HALS) alone or in combination with

benzotirazole-type UV absorbers for the stabilization of polyethylene upon photo-

12



oxidation. He found the performance of HALS was outstanding in tapes and
films, and synergistic effects between HALS and UV absorbers yielded the
optimum stabilization. For example, HALS are not efficient in quenching
ketones, but benzotriazole-type UV absorbers are very efficient quenchers of the

Norrish type I reaction according to the long-range energy transfer mechanism.

OFF-FLAVOR DEVELOPMENT IN CITRUS JUICES

Juice Composition and Loss Mechanisms

The flavor of citrus juices combines taste, aroma, mouthfeel, and appearance by
virtue of high concentrations of sugar and organic salts, plus a unique blend of
more than 150 volatile flavor compounds at low concentrations that significantly
contribute to the overall perceived aroma. The majority of volatile components
that give citrus juices their characteristic flavor and aroma, making up only 0.2%
by volume, come from the peel and essence oils added back to the concentrate
before freezing. Citrus peel oils, due to their pleasant aromas, are extensively
used as flavor enhancers in fruit drinks and carbonated beverages (Kealey and
Kinsella, 1979). Peel oil is expressed from glands in the peel (carpels) during
extraction of the juice through cold-pressing or distillation. During cold-pressing,

oil sacs are ruptured mechanically and the oil is separated from the aqueous
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