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Abstract 15 

The aim of the present work was to study the effect of electron-beam irradiation on 16 

the production of radiolysis products and sensory changes in experimental high barrier 17 

packaging films composed of polyamide (PA), ethylene–vinyl alcohol (EVOH) and 18 

low density polyethylene (LDPE). Films contained a middle buried layer of recycled 19 

low density polyethylene (LDPE), while films containing 100% virgin LDPE as the 20 

middle buried layer were taken as controls. Irradiation doses ranged between 0 and 60 21 

kGy. Generally, a large number of radiolysis products were produced during e-beam 22 

irradiation even at the lower absorbed doses of 5 and 10 kGy (approved doses for food 23 

“cold pasteurization”). The quantity of radiolysis products increased with irradiation 24 

dose. There were no significant differences in radiolysis products identified between 25 

samples containing a recycled layer of LDPE and those containing virgin LDPE (all 26 
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absorbed doses), indicating the “functional barrier” properties of external virgin 27 

polymer layers. Sensory properties (mainly taste) of potable water were affected after 28 

contact with irradiated as low as 5 kGy packaging films. This effect increased with 29 

increasing irradiation dose.  30 

 31 

Keywords: electron beam irradiation; multilayer packaging films; recycled LDPE; 32 

radiolysis products; sensory evaluation 33 

 34 

 35 

Introduction 36 

After more than five decades of research, food irradiation is considered as a 37 

safe and effective method of food processing and preservation (Riganakos et al., 38 

1999; George et al., 2007). Both gamma (mainly from 
60

Co sources) and electron 39 

beam (from electron accelerators) irradiation is being commercially used for both cold 40 

pasteurization and sterilization purposes (Stoffers et al., 2004). Electron-beam (e-41 

beam) irradiation has many advantages as compared to γ-irradiation, such as high 42 

dose rate, low heat, short process time and easy operation procedure, good control, 43 

continuous process (Riganakos et al., 1999; Suarez et al., 2000; Fintzou et al., 2006; 44 

Fintzou et al., 2007a).  45 

Plastic packaging materials, in the form of single- or multilayer films are part 46 

of the irradiation processing of foods, since foodstuffs are usually packaged prior to 47 

irradiation to prevent microbial recontamination (Ezquerro et al., 2003; Chytiri et al., 48 

2005; Chytiri et al., 2006; George et al., 2007).  49 

The major changes produced in polymers by ionizing radiation are a) scission 50 

and/or crosslinking of the polymer chains, b) formation of gases and low molecular-51 
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 3 

weight volatile radiolysis products and c) formation of unsaturated bonds, free 52 

radicals and oxidative degradation products (Goulas et al, 2004a). The specific results 53 

depend on the type of polymer, the specific polymer additives used and the irradiation 54 

conditions, i.e. radiation-induced crosslinking dominates under vacuum or an inert 55 

atmosphere. Chain scission on the other hand dominates during irradiation in the 56 

presence of oxygen or air (Morehouse & Komolprasent, 2004). Above phenomea may 57 

lead to changes in mechanical properties (tensile strength, brittleness) (Fintzou et al., 58 

2007b), physical properties (discoloration, gas permeability, migration) (Goulas et al., 59 

2004b; Zygoura et al., 2007) as well as off-odor development in polymers (Chytiri et 60 

al., 2008) or even toxicological concerns through the production of specific radiolysis 61 

products (Riganakos et al., 1999; Fintzou et al., 2007a). 62 

Nowadays, municipal waste has become a major problem worldwide. The 63 

percentage of plastic scrap in the waste stream increases as the production of 64 

polymeric materials grows rapidly (Clough, 2001; Zenkiewicz and Dzwonkowski, 65 

2007). The European Union (EU), through council directive 94/62/EC (EC, 1994), 66 

sets as a first priority the reduction of packaging waste combined with reuse and 67 

recycling of packaging materials. 
 

68 

One of the major problems associated with recycling is that melt processing may 69 

induce thermo-mechanical degradation which leads to a subsequent deterioration of 70 

mechanical properties, an increase in migration values from the packaging material 71 

into the packaging foodstuff and organoleptic changes of the contained product 72 

(Badeka et al., 2003; Chytiri et al., 2005; Chytiri et al., 2006; Scaffaro et al., 2007). 73 

Thus recycled polymers are not used in direct contact with food, but only as a buried 74 

layer of a multilayer structure in which the outer layers are composed of virgin 75 

polymer. Such virgin polymer layers are used as a “functional barrier” (Welle et al., 76 
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2002; Badeka et al., 2003; Stoffers et al., 2004; Chytiri et al., 2005; Chytiri et al., 77 

2006). 78 

 Based on the above the objective of the present study is to investigate the effect 79 

of electron beam irradiation (doses 5-60 kGy) on the formation of radiolysis products 80 

from five-layer materials based on EVOH layer (high barrier material) containing 81 

recycled LDPE as a middle layer from an analytical and sensory point of view. 82 

 83 

Materials and Methods 84 

Materials 85 

Five-layer coextruded experimental films PA/ EVOH / tie / LDPE / LDPE, 86 

where the middle buried layer LDPE was recycled material, were produced in the 87 

ELVIOMET SA plant (Komotini, Greece), on a five extruder pilot scale coextrusion 88 

line (Alfa Marathon Manufacturing Co., Mississauga, Canada). The recycled layer 89 

contained either 50% virgin plus 50% recycled LDPE or 100% recycled LDPE. 90 

Control samples contained 100% virgin LDPE in the respective layer. The three 91 

coextruded structures are given in Figure 1. The three film types (V-Virgin LDPE, 92 

R1-50% recycled plus 50% recycled LDPE, R2-100% recycled LDPE) were 80 µm in 93 

thickness. LDPE was used for its high barrier to water vapour, its excellent sealability 94 

and its low cost. PA was used for its excellent mechanical properties and EVOH was 95 

used for its high barrier to oxygen and odorous compounds. 96 

 97 

Reagents 98 

Methyl stearate was purchased from Fluka (Buch, Switzerland). Iso-octane, 99 

GC grade, was purchased from Merck (Darmstadt, Germany). 100 

 101 

Simulant/packaging material contact conditions 102 
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In order to achieve realistic food/plastic irradiation conditions, plastic films 103 

were irradiated while in contact with the food simulant iso-octane, as follows: 104 

rectangular strips of each film, dimensions 12 cm x 12 cm, were used to produce 105 

pouches via thermosealing (Boss model N 48 vacuum sealer, Bad Homburg, 106 

Germany). Pouches (inner surface area, 2 x 100 cm
2
) were filled with 100 ml of iso-107 

octane (alternative fatty food simulant according to EU Directive 97/48/EC (EC, 108 

1997), thermosealed and subsequently irradiated. The total polymer/iso-octane contact 109 

time was 48 hrs at room temperature. These conditions are identical to those of 48 110 

hrs/20
o
C as defined by EU for fat stimulants (EC, 1997). Control samples were the 111 

same as above but were not irradiated. Then the pouches were cut open and the 112 

simulant was transferred to glass serum vials (capacity: 20 ml). The vials were sealed 113 

with an aluminum-faced silicone septum and an aluminum crimp cap.  114 

 115 

Irradiation conditions-dosimetry 116 

The irradiation of all samples (films plus food simulant) was carried out in the 117 

presence of air at room temperature in the Institute of Process Engineering of the 118 

Federal Research Center for Nutrition and Food (Karlsruhe, Germany) using an 119 

electron accelerator LINAC- CIRCE III (Linac Technologies C.A., Orsay, France, 10 120 

MeV, 4.3 KW) so as to achieve 5, 10, 30 and 60 kGy absorbed doses, respectively. 121 

Irradiation doses were measured using Alanin/ ETR dosimeters and the average dose 122 

rate was ~1 kGy/min. 123 

 124 

Determination of radiolysis products by GC/MS  125 

A Hewlett-Packard, model 6890, gas chromatograph was used, connected to a 126 

Hewlett-Packard model 5973 mass spectrometric detector (Agilent Technologies, 127 

Wilmington, DE, USA). 128 
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The gas chromatographic conditions were as follows: column: ΗΡ – 5 MS (5% 129 

Phenyl Methyl Siloxane), 30.0 m x 250 µm x 0.25 µm, carrier gas flow rate (helium): 130 

0.7 ml min
-1

. Column temperature program: 60
o
C for 10 min, increased by 3

o
C min

-1
 131 

to 120
o
C and then increased by 10

o
C min

-1
 to 280

o
C and held isothermaly for 6 min 132 

(total analysis time 52 min). Injector temperature: 250
o
C; interface temperature: 133 

290
o
C injection mode: split 1:5. 134 

The mass spectrometer was operated under the following conditions: Scan 135 

range: 30-550, MS source temperature: 230
o
C, MS ion source: 150

o
C, Electron 136 

impact (El) ionization at 70 eV. 137 

Identification and semi-quantification of radiolysis products 138 

Identification of radiolysis products was achieved by comparing the mass 139 

spectra of the recorded chromatographic peaks, with the Wiley 275 MS data base 140 

while semi-quantification was achieved by comparison of the MS detector response to 141 

methyl stearate used as an internal standard to that of the recorded peaks. Methyl 142 

stearate concentration in iso-octane used was 10 µg ml
-1

. 143 

 144 

Sensory evaluation 145 

Irradiated pouches as those described previously, made of the experimental 146 

films, were filled with 100 ml of potable water (aqueous food simulant according to 147 

EU directive 97/48/EC) and thermosealed as described previously. Pouches were then 148 

stored at 40
o
C for 10 days (storage conditions for aqueous food simulants according to 149 

EU directive 97/48/EC) (EC, 1997). Multilayer materials were evaluated with respect 150 

to their sensory characteristics by a panel of seven experienced judges which were 151 

asked to score odor, taste and colour of potable water after film/simulant contact. 152 

Non-irradiated samples served as “controls”. Scoring was based on a 4 point scale, 153 

where: 0-no difference, 1-slight, 2-moderate, 3-strong, 4-very strong with respect to 154 
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 7 

the control sample. The score of 1 (recorded by at least of 50% of the judges) was 155 

considered to be the limit of acceptability. Potable water bottled in glass served as the 156 

“master control” sample.  157 

 158 

 159 

Results and Discussion 160 

Radiolysis products 161 

The results of semi-quantitative analysis of radiolysis products from all three 162 

samples are given in Table 1. The higher concentration compounds followed by 163 

numbers in parenthesis (Table 1) are also shown in the chromatograms in Figure 2 A, 164 

B for film R2 irradiated at 60 kGy. GC chromatograms of the products from non-165 

irradiated and irradiated at the doses 5, 10, 30 and 60 kGy films are given in Figure 3. 166 

The “control samples” (non-irradiated polymer/iso-octane) did not show any 167 

compounds, the result of migration from the polymer film into iso-octane during 168 

contact (Fig. 3 V, R1, R2, curve 1). 169 

As shown in Table 1, the main classes of radiolysis compounds identified 170 

included saturated hydrocarbons, ketones, alcohols, alkenes, esters and carboxylic 171 

acids. Most of these compounds were identified even at the lowest irradiation dose (5 172 

kGy). More specifically, 23 saturated hydrocarbons with 9 to 16 carbon atoms, one 173 

alkene with 7 carbon atoms, 10 alcohols with 4 to 8 carbon atoms, one ketone with 8 174 

carbon atoms, one dicarboxilic acid with 10 carbon atoms were identified. Some of 175 

these compounds or isomers were also identified in our previous work (Chytiri et al., 176 

2005; Chytiri et al., 2008), where we have studied five-layer γ-irradiated coextruded 177 

films based on LDPE containing a middle buried layer of recycled LDPE and external 178 

layers of virgin LDPE and PA. Azuma et al. (1983) identified the products from 179 

LDPE irradiated with e-beam irradiation and found that the main volatiles were 180 
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aliphatic hydrocarbons, aldehydes, ketones and carboxylic acids. More specifically, 181 

according to the same authors, aldehydes and ketones are considered to be oxidation 182 

products resulting from the reaction with oxygen in air during irradiation, while the 183 

formation hydrocarbons during irradiation is caused by the breakdown of short 184 

branches of polyethylene. Buchalla et al. (1999) identified hydrocarbons, aldehydes, 185 

ketones and carboxylic acids as radiolysis products from PE by thermal desorption-186 

GC/MS, while some amides (mainly pentanamide) were identified from PA. Byun et 187 

al. (2007) detected several alcohols as volatile radiolysis compounds due to irradiation 188 

degradation of γ-irradiated EVOH films at doses up to 30 kGy. Fintzou et al. (2007) 189 

studied the effect of e-beam irradiation in polypropylene syringes at 30, 60 and 120 190 

kGy. A number of radiolysis products, such as hydrocarbons, aldehydes, ketones and 191 

carboxylic acids were produced after contact with CH2Cl2 at 60
o
C for 24 h which 192 

increased in concentration with increasing irradiation dose. Similar observations were 193 

recorded by the same authors in their previous work (Fintzou et al., 2006a) where they 194 

studied the formation of radiolysis products of polypropylene syringes after γ-195 

irradiation at the same doses. 196 

Data in Table 1 shows that the number and concentration of radiolysis products 197 

increased progressively with increasing absorbed dose for all three packaging films 198 

(V, R1, R2). More specifically, at 5 kGy the major compounds (>5 µg ml
-1

) 199 

indentified in material V were: 2-buten-1-ol (19.6 µg ml
-1

) 4,4-dimethyl-pentene or 200 

isomer. At a dose of 10 kGy the major compounds (>10 µg ml
-1

) produced were: 201 

2,2,4-trimethyl-3-pentanone (13.5 µg ml
-1

) and 2-ethoxy-2-methyl-propane (10.7 µg 202 

ml
-1

). At a dose of 30 kGy the major compounds  (>20 µg ml
-1

) produced were: 2,2,4-203 

trimethyl-3-pentanone (22.8 µg ml
-1

), 2-ethoxy-2-methyl-propane (22.4 µg ml
-1

), 2-204 

buten-1-ol (29.1 µg ml
-1

), an unknown compound (23.4 µg ml
-1

), 2,2,4,4-tetramethyl-205 
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octane or isomers (20.5 µg ml
-1

and 25.6 µg ml
-1

respectively), 3-methyl-nonane (22.6 206 

µg ml
-1

) and 2,2,4,4,6,8,8-heptamethyl-nonane or isomers (45.6 µg ml
-1

). Finally, the 207 

major compound produced at dose of 60 kGy (>40 µg ml
-1

) was 2,2,4,4,6,8,8-208 

heptamethyl-nonane (56.7 µg ml
-1

). 209 

It must be noted that 1,2-benzene-dicarboxylic acid, detected at 45.31 min, may 210 

be a degradation product of Irgafos 168 (tris-(2,4-di-tert-butylphenol)-phosphite) used 211 

as a UV stabilizer additive in LDPE. The presence of benzene derivatives as 212 

radiolysis products of packaging materials constitutes a potential problem given that 213 

benzene and some of its derivatives are toxic and/or carcinogens as has been reported 214 

by several authors (Marque et al., 1998; Buchalla et al., 1999; Riganakos et al., 1999; 215 

Buchalla et al., 2000; Chytiri et al., 2005). 216 

An important observation to be made is that no new compounds were detected 217 

as a result of the presence of recycled LDPE in the multilayer structure, while there 218 

were no differences in radiolysis products observed between sample V (containing 219 

virgin LDPE as the buried layer) and R1, R2 (containing recycled LDPE as the buried 220 

layer) at all absorbed doses (Table 1). This can be attributed to the good quality of the 221 

recycled LDPE used originating from a pre-consumer scrap, something that was also 222 

observed in our previous work (Chytiri et al., 2005; Chytiri et al., 2008), as well as to 223 

the good barrier properties of the external virgin polymer layers used in all 224 

experimental structures. 225 

Of the compounds identified 2,4-dimethyl-pentane and 2,5-dimethyl-hexane 226 

have been found to irritate skin and may cause long-term adverse effects in the 227 

aquatic environment (very toxic to aquatic organisms) (http://www.lookchem.com). 3-228 

octanol and 1,2-benzene-dicarboxylic acid have been found to irritate eyes, 229 

respiratory system and skin. 2-ethoxy-2-methyl-propane has been found to irritate 230 
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eyes and skin (http://www.lookchem.com). Finally, 2,2,4,6,6-pentamethyl heptane 231 

may cause lung damage through ingestion (http://www.lookchem.com).    232 

Comparison of present results to those reported in our previous work (Chytiri et 233 

al., 2005; Chytiri et al., 2008) shows that e-beam irradiation resulted to the production 234 

of a lower number of radiolysis products than γ-irradiation. The higher dose rate of e-235 

beam irradiation compared to γ-irradiation may explain this behavior (Deschenes et 236 

al., 1995). More specifically, the lower dose rate of γ-irradiation corresponds to a 237 

longer irradiation time to achieve the same dose effect as compared to e-beam 238 

irradiation. This inturn results in greater oxidation or degradation of the polymer 239 

structure and production of higher number of radiolysis compounds that migrate into 240 

the stimulant (Azuma et al., 1983).  241 

Based on present results and those reported in our previous work (Chytiri et al., 242 

2005; Chytiri et al., 2008), it is very important to select the proper irradiation 243 

conditions in order to minimize the formation of radiolysis products. A suggested 244 

methodology is to carry out irradiation at very low oxygen concentration i.e. under 245 

vacuum, or in the presence of nitrogen in combination with temperatures lower than 246 

ambient temperature (Goldman et al., 1996; Jahan et al., 2001; Woo and Sandford, 247 

2002). When irradiation is carried out in vacuum most of free radicals formed, decay 248 

in the absence of oxygen without any observable transformation to final radiolysis 249 

products (Azuma et al., 1984; Jahan et al., 2001; Fintzou et al., 2006; Fintzou et al., 250 

2007a). 251 

 252 

Sensory evaluation 253 

The results of sensory evaluation of potable water after contact with the 254 

experimental packaging materials for 10 days at 40
o
C are summarized in Table 2. 255 
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Generally, there was no color transfer to potable water observed after contact 256 

with the three packaging materials (irradiated and control samples; results not shown). 257 

However, taste and odor of water were affected in contact with both irradiated 258 

and non-irradiated films. The Taste Transfer to Water (TTW) and Odor Transfer to 259 

Water (OTW) in contact with all non-irradiated materials were equal to or lower than 260 

the acceptability limit of 1, respectively. According to Bravo et al., (1992) and 261 

Ezquerro et al. (2003), volatile organic compounds (aldehydes, ketones, alcohols, 262 

hydrocarbons and carboxylic acids) formed by thermooxidative degradation of 263 

polyethylene during the extrusion process used to produce multilayer packaging 264 

materials, are involved in the unpleasant wax-like or metallic off-odor development. 265 

A similar procedure was used for the production of the present coextruded multilayer 266 

structures and may be responsible for the slight to moderate taste transfer to water 267 

after contact with non-irradiated packaging materials. 268 

As shown in Table 2, the TTW increased progressively as irradiation dose 269 

increased. At a dose of 60 kGy the taste score was high reaching the values of 3.2, 3 270 

and 3.1 for the materials V, R1 and R2, respectively. These results are in direct 271 

correlation with the number and concentration of radiolysis products, which increased 272 

progressively with absorbed dose (Table 1). Many authors have reported that volatile 273 

products such as aldehydes, ketones and carboxylic acids have a significant 274 

contribution to the off-odor/taste of irradiated polymers (Azuma et al., 1983; Azuma 275 

et al., 1984; Deschenes et al., 1996; Buchalla et al., 2000).  276 

On the other hand e-beam irradiation did not result in substantial differences in 277 

the OTW scores with increasing dose. Odor scores corresponding to irradiation doses 278 

between 0-30 kGy were lower than or equal to the acceptability limit of 1. Only at a 279 

dose of 60 kGy and only for the material R2 odor scores exceeded this limit. 280 
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Interestingly, equivalent differences were recorded in taste scores (which proved 281 

to be the most sensitive sensory attribute) of potable water after contact with material 282 

V as compared to materials containing a recycled middle layer R1 and R2. Odor 283 

transfer showed a different pattern. That is, odor scores of table water in contact with 284 

material V were significantly lower (p<0.05) than those of materials R1 and R2. In 285 

general the recycled polymers are more sensitive to oxidation than virgin polymers 286 

resulting in a more evident off-odor development (Pospisil et al., 1995). Such a 287 

discrepancy between off-taste and off-odor needs further investigation. According to 288 

Devlieghere et al. (1998) a large number of migrating compounds caused an off-odor 289 

in untreated and caustic-washed recycled HDPE bottles which could easily be 290 

recognized. Stoffers et al. (2004) observed a typical off-odor in water after γ-291 

irradiation at 29 and 54 kGy of LDPE and PA, while Franz and Welle (2004) reported 292 

that volatile compounds formed during irradiation of PS and PP affected the odor of 293 

water after for 1 day at 23
o
C.  294 

Present results are in general agreement with those of our previous work (Chytiri 295 

et al., 2005; Chytiri et al., 2008). To the best of our knowledge this is the first report 296 

in the literature with respect to the effect of e-beam irradiation on sensory properties 297 

of multilayer packaging materials containing a middle buried layer of recycled 298 

polymer. 299 

 300 

Conclusions 301 

Based on above results the following conclusions can be drawn: 302 

1.   A large number of radiolysis products are produced during e-beam irradiation 303 

treatment of multilayer coextruded high barrier food packaging materials 304 

containing a buried layer of recycled low density polyethylene, even at the 305 
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lower absorbed doses of 5 and 10 kGy (approved doses corresponding to “cold 306 

pasteurization” of foods).  307 

2.   The number and concentration of these compounds increased progressively 308 

with increasing dose. The toxicity and the safety of these compounds is mostly 309 

unknown and mutagenicity tests are needed given that their potential 310 

migration from the packaging material into the contained foodstuff may pose 311 

health related problems. 312 

3.   No differences in radiolysis compounds were observed between films 313 

containing a buried recycled LDPE layer and those containing virgin layer. 314 

This may be attributed to the good quality of the recycled LDPE used, as well 315 

as to the good barrier properties of the external virgin polymer layers. 316 

4.  No substantial differences were observed in taste scores between potable water 317 

in contact with virgin materials and that in contact with materials containing a 318 

recycled middle layer. Taste scores were substantially affected at doses as low 319 

as 5 kGy and increased progressively as irradiation dose increased. Such 320 

scores are in correlation with the number and concentration of radiolysis 321 

products, which increased progressively with absorbed dose and can be 322 

attributed to the post-irradiation oxidation of recycled material. 323 

5.   Based on present results it is suggested that recycled LDPE originating from 324 

pre-consumer scrap may be used as an internal buried layer comprising up to 325 

50% bw of a high barrier multilayer structure without significant differences in 326 

radiolysis compounds produced during e-beam irradiation treatment as 327 

compared to virgin materials. 328 

 329 

Acknowledgements 330 

Page 13 of 29

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 14 

The authors would like to thank ELVIOMET S.A., Komotini, Greece for 331 

providing access to their coextrusion line; Dr. M. Stahl and Mr. M. Knörr of the 332 

Institute of Process Engineering of the Federal Research Center for Nutrition and 333 

Food (Karlsruhe, Germany) for the e-beam irradiation of the samples and their 334 

technical assistance in e-beam irradiation experiments and dosimetry; the Food 335 

Quality Certification Unit of the University of Ioannina for providing access to the 336 

GC/MS instrumentation; the General Secretariat of Research and Technology (GSRT) 337 

of Greece and the EU for the financial support through the PENED program. 338 

 339 

References 340 

Azuma K, Hirata T, Tsunoda H, Ishitani T, Tanaka Y. 1983. Identification of the 341 

volatiles from Low Density Polyethylene film irradiated with an electron beam. Agric. 342 

Biol. Chem. 47: 855-860. 343 

Azuma K, Tsunoda H, Hirata T, Ishitani T, Tanaka Y. 1984. Effects of the conditions 344 

for electron beam irradiation on the amounts of volatiles from irradiated polyethylene 345 

films. Agric. Biol. Chem. 48: 2009-2015. 346 

Badeka A, Goulas AE, Adamantiadi A, Kontominas MG. 2003. Physicochemical and 347 

mechanical properties of experimental coextruded food-packaging films containing a 348 

buried layer of recycled low-density polyethylene. J. Agric. Food Chem. 51: 2426-349 

2431. 350 

Bravo A, Hotchkiss JH, Acree TE. 1992. Identification of odor-active compounds 351 

resulting from thermal oxidation of polyethylene. J. Agric. Food Chem. 40: 1881-352 

1885. 353 

Page 14 of 29

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 15 

Buchalla R, Boess C, Bogl KW. 1999. Characterization of volatile radiolysis products 354 

in radiation-sterilized plastics by thermal desorption-gas chromatography-mass 355 

spectrometry: screening of six medical polymers. Radiat. Phys.  Chem. 56: 353-367. 356 

Buchalla R, Boess C, Bogl KW. 2000. Analysis of volatile radiolysis products in 357 

gamma-irradiated LDPE and polypropylene films by thermal desorption-gas 358 

chromatography-mass spectrometry. Appl. Radiat. Isot. 52: 251-269. 359 

Byun YJ, Hong SI, Kim KB, Jeon DH, Kim JM, Whiteside WS, Park HJ. 2007. 360 

Physical and chemical properties of γ-irradiated EVOH film. Radiat. Phys.  Chem. 361 

76(6): 974-981. 362 

Chytiri S, Goulas AE, Riganakos KA, Badeka A, Kontominas MG. 2005. Volatile and 363 

non-volatile radiolysis products in gamma-irradiated multilayer coextruded food 364 

packaging films containing a buried layer of recycled low density polyethylene. Food 365 

Addit. Contam. 22(12): 1264-1273. 366 

Chytiri S, Goulas AE, Riganakos KA, Kontominas MG. 2006. Thermal, mechanical 367 

and permeation properties of gamma-irradiated multilayer food packaging films 368 

containing a buried layer of recycled low density polyethylene. Radiat. Phys.  Chem. 369 

75: 416-423. 370 

Chytiri S, Goulas AE, Badeka A, Riganakos KA, Petridis D, Kontominas MG. 2008. 371 

Determination of radiolysis products in gamma-irradiated multilayer barrier food 372 

packaging films containing a middle layer of recycled LDPE. Radiat. Phys. Chem. 77: 373 

1039-1045. 374 

Clough RL. 2001. High-energy radiation and polymers: A review of commercial 375 

processes and emerging applications. Nuc. Instr. and Meth. in Phys. Res. B 185: 8-33. 376 

Page 15 of 29

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVT-4M5WHTG-1&_user=10&_coverDate=06%2F30%2F2007&_alid=881367997&_rdoc=52&_fmt=high&_orig=search&_cdi=5543&_sort=d&_docanchor=&view=c&_ct=201&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=c31cd6a128b5b01504497f9f54487c60
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVT-4SGD4P1-1&_user=10&_coverDate=05%2F10%2F2008&_alid=742898962&_rdoc=1&_fmt=high&_orig=search&_cdi=5543&_sort=d&_docanchor=&view=c&_ct=4&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=cb4eebed55e6ae1600edb72e1185b50b
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVT-4SGD4P1-1&_user=10&_coverDate=05%2F10%2F2008&_alid=742898962&_rdoc=1&_fmt=high&_orig=search&_cdi=5543&_sort=d&_docanchor=&view=c&_ct=4&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=cb4eebed55e6ae1600edb72e1185b50b


For Peer Review
 O

nly

 16 

Deschenes L, Arbour A, Brunet F, Court MA, Doyon GJ, Fortin J, Rodrique N. 1995. 377 

Irradiation of a barrier film: analysis of some transfer aspects. Radiat. Phys. Chem. 378 

46: 805-808. 379 

Devlieghere F, De Meulenaer B, Demyttenaere J, Huygherbaert A. 1998. Evaluation 380 

of recycled HDPE milk bottles for food applications. Food Addit. Contam. 15: 336-381 

345. 382 

EC. 1994. Council Directive 94/62/EC of 20 December 1994 on packaging and 383 

packaging waste. Off. J. Eur. Commun. L 365: 10-23. 384 

EC. 1997. Commission Directive 97/48/EC of 29 July 1997, amending council 385 

directive 82/711/EEC laying down the basic rules necessary for testing migration of 386 

constituents of plastic materials and articles intended to come into contact with 387 

foodstuffs. Off. J. Eur. Commun. L 222: 10-15. 388 

Ezquerro O, Pons B, Tena MT. 2003. Direct quantitation of volatile organic 389 

compounds in packaging materials by headspace solid-phase microextraction-gas 390 

chromatography-mass spectrometry. J. Chromatog. A 985: 247-257. 391 

Fintzou AT, Badeka AV, Kontominas MG, Riganakos KA. 2006. Changes in 392 

physicochemical and mechanical properties of γ-irradiated polypropylene syringes as 393 

a function of irradiation dose. Radiat. Phys. Chem. 75: 87-97. 394 

Fintzou AT, Badeka AV, Kontominas MG, Stahl MR, Riganakos KA. 2007a. 395 

Changes in physicochemical and mechanical properties of electron-beam irradiated 396 

polypropylene syringes as a function of irradiation dose. 397 

Radiat. Phys. Chem. 76 (5): 841-851. 398 

Fintzou AT, Kontominas MG, Badeka AV, Stahl MR, Riganakos KA. 2007b. Effect 399 

of electron-beam and gamma-irradiation on physicochemical and mechanical 400 

Page 16 of 29

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVT-4KV2RGR-1&_user=10&_coverDate=05%2F31%2F2007&_alid=742901314&_rdoc=2&_fmt=high&_orig=search&_cdi=5543&_sort=d&_docanchor=&view=c&_ct=3&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=0db6d1d002b64fc4cabae571f199e818
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVT-4KV2RGR-1&_user=10&_coverDate=05%2F31%2F2007&_alid=742901314&_rdoc=2&_fmt=high&_orig=search&_cdi=5543&_sort=d&_docanchor=&view=c&_ct=3&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=0db6d1d002b64fc4cabae571f199e818


For Peer Review
 O

nly

 17 

properties of polypropylene syringes as a function of irradiation dose: Study under 401 

vacuum. Radiat. Phys. Chem. 76: 1147-1155. 402 

Franz R, Welle F. 2004. Effect of Ionizing Radiation on the Migration Behavior and 403 

Sensory Properties of Plastic Packaging Materials. Irradiation of food and packaging-404 

recent developments. V. Komolprasert and K. M. Morehouse (eds). ACS Symposium 405 

Series No 875. Washington. American Chemical Society. p.236-261. 406 

George J, Kumar R, Sajeevkumar VA, Sabapathy SN, Vaijapurkar SG, Kumar D, 407 

Kchawahha A, Bawa AS. 2007. Effect of γ-irradiation on commercial polypropylene 408 

based mono and multi-layered retortable food packaging materials. Radiat. Phys. 409 

Chem. 76: 1205-1212.  410 

Goldman M, Gronsky R, Ranganathan R, Pruitt L. 1996. The effects of gamma 411 

radiation sterilization and ageing on the structure and morphology of medical grade 412 

ultra high molecular weight polyethylene. Polymer. 37: 2909-2913. 413 

Goulas AE, Riganakos KA, Kontominas MG. 2004a. Effect of electron beam and 414 

gamma radiation on the migration of plasticizers from flexible food packaging 415 

materials into foods and food stimulants. In: V. Komolprasert & K.M. Morehouse. 416 

Irradiation of food and packaging. Recent Developments. Washington (DC): 417 

American Chemical Society. p. 290-304. 418 

Goulas AE, Riganakos KA, Kontominas MG. 2004b. Effect of ionizing radiation on 419 

physicochemical and mechanical properties of commercial monolayer and multilayer 420 

semi-rigid plastics packaging materials. Radiat. Phys. Chem. 69: 411-417. 421 

http://www.lookchem.com/ 422 

Jahan MS, King ME, Haggard WO, Sevo KL, Parr JE. 2001. A study of long-lived 423 

free radicals in gamma irradiated medical grade polyethylene. Radiat. Phys. Chem. 424 

62: 141-144. 425 

Page 17 of 29

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 18 

Marque D, Feigenbaum A, Dainelli D, Riquet AM. 1998. Safety evaluation of an 426 

ionized multilayer plastic film used for vacuum cooking and meat preservation. Food 427 

Addit. Contam. 15: 831-841. 428 

Morehouse KM, Komolprasert V. 2004. Irradiation of food and packaging: An 429 

overview. In: V. Komolprasert & K.M. Morehouse. Irradiation of food and packaging. 430 

Recent Developments. Washington (DC): American Chemical Society. p. 1-11. 431 

Pospisil J, Sitek FA, Pfaendner R. 1995. Upgrading of recycled plastics by 432 

restabilization-an overview. Polym. Degrad. Stab. 48: 351-358. 433 

Riganakos KA, Koller WD, Ehlermann DAE, Bauer B, Kontominas MG. 1999. 434 

Effects of ionizing radiation on properties of monolayer and multilayer flexible food 435 

packaging materials. Radiat. Phys. Chem. 54: 527-540. 436 

Scaffaro R, La Mantia FP, Tzankova Dintcheva N. 2007. Effect of the additive level 437 

and of the processing temperature on the re-building of the post-consumer pipes from 438 

polyethylene blends. Eur. Pol. J. 43: 2947-2955. 439 

Stoffers NH, Linssen JPH, Franz R, Welle F. 2004. Migration and sensory evaluation 440 

of irradiated polymers. Radiat. Phys. Chem. 71: 203-206. 441 

Suarez JCM, Mano EB, Pereira RA. 2000. Thermal behavior of gamma – irradiated 442 

recycled polyethylene blends. Polym. Degrad. Stab. 69: 217-222. 443 

Welle F, Mauer A, Franz R. 2002. Migration and sensory changes of packaging 444 

materials caused by ionizing radiation. Radiat. Phys. Chem. 63: 841-844. 445 

Woo L, Sandford CL. 2002. Comparison of electron beam irradiation with gamma 446 

processing for medical packaging materials.  Radiat. Phys. Chem. 63: 845-850. 447 

Zenkiewicz M, Dzwonkowski J. 2007. Effects of electron radiation and 448 

compatibilizers on impact strength of composites of recycled polymers. Polym. 449 

Testing. 26: 903-907.  450 

Page 18 of 29

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 19 

Zygoura P, Goulas, KA, Riganakos KA, Kontominas MG. 2007. Migration of di-(2-451 

ethylhexyl) adipate and acetyltributyl citrate plasticizers from food-grade PVC film 452 

into isooctane: effect of gamma radiation. J. Food Eng. 77: 870-877. 453 

 454 

 455 

 456 

Page 19 of 29

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 20 

Figure legends 457 

 458 

Figure 1. Structure of five-layer coextruded barrier films V, R1 and R2 (percent 459 

values in the right of the figures indicate the by weight contribution of each layer to 460 

the multilayer structure). 461 

 462 

Figure 2. GC spectra (A) (detail 3-14 min) and (B) (detail 14-52 min) of irradiated at 463 

60 kGy multilayer packaging film R2. Peak assignment as in Table 1. 464 

 465 

Figure 3. GC spectra of materials V, R1 and R2 at irradiation doses of 1) 0 kGy, 2) 5 466 

kGy,  3) 10 kGy, 4) 30 kGy and 5) 60 kGy.   467 

 468 
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Figure 1 
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Table 1. Radiolysis products identified in e-beam irradiated multilayer films. 

                                                 Results of semi-quantitative analysis (µg ml
-1

)  

  Material V Material R1 Material R2 

Absorbed dose (kGy) 

 

5 10 30 60 5 10 30 60 5 10 30 60 

RT
1
 

(min) 

Identified compounds 

 

            

3.12 2,2,5- trimethyl-hexane (1)
 2
 0.9 

±0.1 

2.5 

±0.3 

4.8 

±1.1 

2.9 

±0.3 

1.0 

±0.2 

2.3 

±0.1 

2.7 

±0.8 

2.2 

±0.6 

0.5 

±0.1 

2.5 

±0.4 

2.8 

±0.5 

2.1 

±0.1 

3.35 3,3-dimethyl-heptane (2) 1.0 

±0.0 

3.7 

±0.5 

16.8 

±1.2 

20.8 

±1.9 

0.9 

±0.1 

3.5 

±0.4 

14.2 

±2.2 

21.9 

±3.1 

1.9 

±0.2 

5.0 

±0.9 

12.4 

±1.9 

21.8 

±2.5 

3.55 2,2,3,4- tetramethyl-pentane or is.
 3
 (3) 4.2 

±1.0 

2.5 

±0.1 

13.9 

±3.1 

21.6 

±1.0 

3.1 

±0.8 

4.2 

±0.2 

6.5 

±1.8 

22.1 

±2.1 

4.4 

±0.1 

9.6 

±2.1 

10.3 

±2.5 

22.2 

±2.2 

3.60 2,2,5,5- tetramethyl- hexane or is. 
0.5 

±0.1 

4.3 

±1.0 

6.4 

±1.2 

1.2 

±0.2 

0.3 

±0.0 

0.3 

±0.1 

1.2 

±0.2 

1.3 

±0.1 
n.d.

4
 

0.4 

±0.0 

4.4 

±0.5 

1.3 

±0.2 

3.86 2,2,4- trimethyl -3- pentanone (4) 0.7 

±0.0 

13.5 

±2.1 

22.8 

±2.1 

16.5 

±1.0 

9.5 

±0.8 

12.2 

±3.0 

22.0 

±0.9 

15.1 

±0.5 

11.2 

±1.5 

21.1 

±1.9 

16.3 

±2.8 

15.9 

±0.3 

4.24 2- ethoxy-2-methyl-propane (5) 10.3 

±1.9 

10.7 

±1.8 

22.4 

±1.9 

20.2 

±0.2 

7.0 

±1.2 

9.9 

±1.0 

20.4 

±1.8 

19.1 

±1.5 

8.7 

±1.1 

16.4 

±0.6 

16.2 

±3.6 

20.2 

±2.6 

4.63 2-Buten-1-ol (6) 19.6 

±3.8 

18.2 

±1.1 

29.1 

±4.0 

19.9 

±3.9 

13.2 

±3.1 

16.4 

±2.3 

27.3 

±1.5 

17.9 

±2.5 

16.1 

±2.9 

28.7 

±4.2 

20.8 

±4.5 

18.9 

±2.6 

5.21 2,2,4-trimethyl-3-pentanol or is. (7) 3.7 

±0.9 

3.8 

±0.1 

8.4 

±1.5 

7.9 

±0.1 

2.4 

±0.1 

3.3 

±0.8 

7.0 

±1.1 

7.6 

±0.3 

3.2 

±0.5 

6.1 

±1.1 

6.1 

±0.6 

7.6 

±1.0 

5.75 2,5-dimethyl-2-hexanol 
0.7 

±0.1 

0.8 

±0.2 

1.8 

±0.1 

1.7 

±0.2 

0.4 

±0.1 

0.4 

±0.1 

1.7 

±0.0 

1.7 

±0.3 

1.1 

±0.0 

1.2 

±0.1 

0.8 

±0.1 

1.8 

±0.1 

5.97 5-methyl-3-hexanol or is.    n.d. 
0.9 

±0.1 

1.9 

±0.1 

1.4 

±0.2 
n.d. 

0.8 

±0.0 

1.5 

±0.1 

0.2 

±0.0 

0.8 

±0.1 

1.5 

±0.2 

1.3 

±0.1 

1.4 

±0.1 

6.42 2,4-dimethyl- pentane or is. (8) 0.7 

±0.1 

1.1 

±0.1 

5.5 

±1.1 

7.0 

±0.1 
n.d. 

1.0 

±0.1 

4.4 

±0.5 

7.3 

±0.2 

0.5 

±0.1 

1.4 

±0.2 

4.0 

±0.8 

7.5 

±0.1 
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7.10 2,2,4-trimethyl-1-pentanol or is. (9) 2.3 

±0.6 

2.6 

±0.8 

5.4 

±0.1 

4.9 

±0.1 

1.7 

±0.3 

2.3 

±0.3 

4.7 

±0.1 

4.6 

±0.6 

2.1 

±0.1 

4.0 

±0.3 

4.0 

±0.1 

4.9 

±0.1 

7.27 2,4,4- trimethyl-1-pentanol or is. 2.3 

±0.3 

2.7 

±0.6 

5.4 

±1.3 

4.6 

±1.2 

1.7 

±0.3 

2.3 

±0.3 

4.5 

±0.8 

4.1 

±0.5 

2.2 

±0.2 

4.1 

±1.1 

3.9 

±0.5 

4.3 

±0.6 

7.41 2,2- dimethyl -hexanol or is. (10) 1.4 

±0.2 

1.9 

±0.3 

8.4 

±1.5 

11.1 

±1.1 

1.0 

±0.1 

1.8 

±0.1 

7.4 

±0.7 

11.3 

±0.9 

1.0 

±0.1 

2.6 

±0.3 

6.4 

±1.2 

11.7 

±1.3 

7.73 4,4-dimethyl-pentene or is. (11) 8.4 

±1.3 

8.2 

±1.4 

13.1 

±2.2 

8.7 

±0.1 

6.2 

±1.1 

7.3 

±0.2 

11.4 

±1.4 

7.2 

±0.5 

7.4 

±0.6 

12.6 

±2.8 

9.1 

±1.7 

8.8 

±0.1 

8.58 3- octanol n.d. 
0.5 

±0.0 

2.6 

±0.3 

3.6 

±0.1 
n.d. 

0.5 

±0.1 

2.2 

±0.2 

3.2 

±0.6 

0.2 

±0.1 

0.7 

±0.1 

1.8 

±0.3 

3.7 

±0.3 

8.86 2,2,3,3,5,6,6-heptamethyl-heptane or is.     n.d. 
0.7 

±0.1 

3.8 

±0.8 

5.2 

±1.3 

0.2 

±0.1 

0.6 

±0.0 

2.8 

±0.2 

5.1 

±1.1 

0.3 

±0.1 

0.9 

±0.2 

2.7 

±0.2 

5.4 

±1.4 

9.62 2,2,4,6,6-pentamethyl-heptane or is. (12) 0.1 

±0.1 

1.5 

±0.1 

10.4 

±0.1 

13.9 

±0.1 

0.4 

±0.1 

1.3 

±0.1 

7.8 

±0.1 

13.6 

±0.1 

0.8 

±0.1 

1.9 

±0.1 

7.8 

±0.1 

14.7 

±0.1 

12.11 Unknown (13) 1.5 

±0.3 

4.0 

±0.7 

23.4 

±3.0 

30.1 

±4.0 

1.1 

±0.1 

3.5 

±0.4 

17.8 

±2.3 

31.7 

±2.7 

1.5 

±0.1 

4.7 

±1.4 

17.7 

±3.2 

31.8 

±2.1 

12.40 2,2,4,4-tetramethyl-octane or is. (14) 1.7 

±0.4 

3.4 

±0.5 

20.5 

±3.7 

22.6 

±3.1 

1.2 

±0.1 

3.0 

±0.4 

15.7 

±2.6 

23.9 

±0.9 

1.6 

±0.2 

4.1 

±0.1 

13.5 

±3.2 

23.7 

±1.1 

12.75 3-methyl-nonane (15) 1.0 

±0.2 

3.4 

±0.4 

22.6 

±3.8 

29.6 

±0.3 

0.7 

±0.1 

3.1 

±0.2 

17.9 

±2.1 

31.2 

±0.7 

0.8 

±0.1 

3.4 

±0.5 

17.2 

±2.0 

31.0 

±1.1 

12.90 2,2,4,4-tetramethyl-octane or is. (16) 2.3 

±0.3 

5.0 

±0.9 

25.6 

±4.2 

32.6 

±3.1 

1.7 

±0.3 

4.4 

±0.3 

20.9 

±2.3 

34.4                                 

±2.8                        

2.1 

±0.1 

5.8 

±0.8 

19.4 

±2.8 

34.3 

±2.1 

13.65 2,6-dimethyl-undecane n.d. 
0.4 

±0.1 

2.6 

±0.3 

3.4 

±0.3 
n.d. 

0.3 

±0.0 

2.3 

±0.1 

3.5 

±0.2 

n.d. 

±0.1 

0.3 

±0.1 

2.2 

±0.2 

3.5 

±0.2 

13.96 Unknown 1.0 

±0.3 

1.3 

±0.1 

2.7 

±0.1 

2.4 

±0.1 

0.8 

±0.1 

1.2 

±0.2 

3.4 

±0.6 

2.3 

±0.3 

0.9 

±0.0 

1.9 

±0.2 

2.6 

±0.2 

3.6 

±0.5 

14.22 2,5-dimethyl-hexane or is. (17) n.d. 
0.8 

±0.2 

6.1 

±1.3 

8.5 

±1.6 
n.d. 

0.7 

±0.0 

5.0 

±1.3 

9.0 

±1.0 

0.2 

±0.1 

0.8 

±0.1 

4.7 

±1.9 

8.8 

±2.0 
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14.65 Unknown n.d. 
0.7 

±0.1 

3.1 

±0.4 

3.7 

±0.9 
n.d. 

0.2 

±0.0 

2.5 

±0.3 

3.6 

±1.0 

0.1 

±0.1 

0.6 

±0.1 

2.2 

±0.3 

1.8 

±0.4 

15.30 2,2,4-trimethyl-decane or is. (18) 0.5 

±0.1 

1.0 

±0.0 

4.3 

±0.3 

5.5 

±1.0 

0.3 

±0.0 

0.8 

±0.1 

3.4 

±0.6 

5.2 

±1.1 

0.5 

±0.1 

1.3 

±0.1 

3.2 

±0.5 

5.3 

±1.5 

15.66 2,5,9-trimethyl-decane or is. (19) 0.6 

±0.1 

1.1 

±0.1 

5.8 

±1.3 

7.6 

±1.1 

0.3 

±0.0 

1.0 

±0.0 

4.8 

±0.3 

7.6 

±0.4 

0.5 

±0.1 

1.3 

±0.1 

4.4 

±0.9 

7.8 

±0.9 

16.04 2.2.6-trimethyl-decane or is. (20) n.d. 
0.4 

±0.0 

3.0 

±0.3 

3.8 

±0.2 
n.d. 

0.3 

±0.1 

2.6 

±0.6 

4.0 

±0.1 
n.d. 

0.3 

±0.1 

2.1 

±0.9 

4.0 

±0.6 

17.62  2,5-dimethyl-decatetrane or is. (21) n.d. 
0.7 

±0.2 

4.1 

±0.8 

5.7 

±0.5 
n.d. 

0.5 

±0.1 

3.0 

±0.5 

6.0 

±0.1 

0.1 

±0.1 

0.6 

±0.1 

3.3 

±0.4 

5.9 

±1.0 

17.95 3-octanol or is.  1.3 

±0.3 

1.7 

±0.1 

3.8 

±0.8 

2.3 

±0.1 

1.1 

±0.1 

1.8 

±0.1 

2.6 

±0.3 

2.1 

±0.5 

1.6 

±0.2 

2.5 

±0.1 

2.2 

±0.5 

2.0 

±0.2 

24.67 Unknown (22) 0.3 

±0.1 

0.8 

±0.1 

5.1 

±1.1 

7.0 

±0.8 

0.2 

±0.0 

0.7 

±0.0 

4.0 

±0.2 

7.3 

±0.1 

0.3 

±0.0 

0.9 

±0.1 

3.9 

±0.5 

7.4 

±0.5 

25.91 2,4,6-trimethyl-octane or is. n.d. 
0.4 

±0.0 

2.6 

±0.4 

3.8 

±0.1 
n.d. 

0.1 

±0.0 

2.2 

±0.2 

3.8 

±0.2 
n.d. 

0.4 

±0.1 

2.1 

±0.4 

4.0 

±0.2 

26.18 2,2-dimethyl-1-propanol or is. (23) 0.4 

±0.1 

1.2 

±0.1 

7.0 

±0.1 

9.9 

±0.1 

0.3 

±0.1 

1.0 

±0.1 

5.8 

±0.1 

10.9 

±0.1 

0.2 

±0.1 

1.3 

±0.1 

5.4 

±0.1 

10.4 

±0.1 

26.78 Unknown n.d. 
0.5 

±0.1 

2.8 

±0.1 

4.5 

±0.1 
n.d. 

0.4 

±0.1 

2.0 

±0.1 

3.8 

±0.1 

0.2 

±0.1 

0.7 

±0.1 

2.3 

±0.1 

3.9 

±0.1 

27.91 2,2,4,4,6,8,8-heptamethyl-nonane or is. n.d. 
0.3 

±0.1 

2.5 

±0.1 

3.8 

±0.1 
n.d. 

0.3 

±0.1 

2.2 

±0.1 

4.5 

±0.1 
n.d. 

0.2 

±0.1 

2.1 

±0.1 

3.9 

±0.1 

28.38 2,2,3,3,6,8,8-heptamethyl-nonane or is.(24) 0.8 

±0.1 

2.7 

±0.1 

19.9 

±0.1 

24.9 

±0.1 

0.6 

±0.1 

2.6 

±0.1 

16.5 

±0.1 

25.7 

±0.1 

0.7 

±0.1 

2.7 

±0.1 

14.1 

±0.1 

26.8 

±0.1 

28.75 2,2,4,4,6,8,8-heptamethyl-nonane or is.(25) 3.7 

±0.1 

8.1 

±0.1 

45.6 

±0.1 

56.7 

±0.1 

2.7 

±0.1 

7.6 

±0.1 

39.2 

±0.1 

57.8 

±0.1 

3.3 

±0.1 

9.4 

±0.1 

33.3 

±0.1 

60.9 

±0.1 

29.79 2,2,4,4-tetramethyl-octane (26) 0.3 

±0.1 

1.7 

±0.1 

12.9 

±0.1 

16.4 

±0.1 

0.2 

±0.1 

1.7 

±0.1 

10.8 

±0.1 

16.8 

±0.1 

0.3 

±0.1 

1.6 

±0.1 

9.6 

±0.1 

17.6 

±0.1 
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29.97 Unknown (27) 0.6 

±0.1 

2.6 

±0.1 

19.0 

±0.1 

23.0 

±0.1 

0.4 

±0.1 

2.5 

±0.1 

16.3 

±0.1 

23.6 

±0.1 

0.5 

±0.1 

2.5 

±0.1 

13.7 

±0.1 

24.9 

±0.1 

31.03 2,2,4,4,5,5,7,7-octamethyl-octane (28) n.d. 
0.8 

±0.1 

6.3 

±0.1 

8.3 

±0.1 
n.d. 

0.7 

±0.1 

5.0 

±0.1 

2.0 

±0.1 

0.1 

±0.1 

0.7 

±0.1 

4.6 

±0.1 

8.6 

±0.1 

41.96 Octadecanoic acid methyl ester (IS
5
) (29) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 

45.31 1,2-Benzene-dicarboxylic acid (30) 0.1 

±0.1 

7.4 

±0.1 

5.9 

±0.1 

3.1 

±0.1 

0.1 

±0.1 

9.9 

±0.1 

9.0 

±0.1 

15.4 

±0.1 

0.5 

±0.1 

4.7 

±0.1 

13.8 

±0.1 

0.1 

±0.1 

 
1
RT: retention time 

 
2
Numbers in parenthesis correspond to peaks in chromatograms in Figure 2 A, B 

 
3
is.: isomer(s) 

 
4
n.d.: not detectable 

 5IS: Internal standard 
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Table 2. Effect of e-beam irradiation on sensory properties
a,b

 of table water in contact
c
 

with multilayer film
d
 containing a buried recycled LDPE layer. 

 

Absorbed Dose  (kGy) 

 

0 5 10 30 60 

Taste Transfer to Water 
     

V 1.0±0.1 2.1±0.3 2.6±0.3 3.1±0.3 3.2±0.2 

R1 0.9±0.1 1.8±0.1 2.1±0.3 2.8±0.1 3.0±0.1 

R2 1.2±0.2 1.7±0.3 2.2±0.2 2.8±0.2 3.1±0.0 

Odor Transfer to Water      

V 0.0±0.0 0.2±0.2 0.4±0.2 0.8±0.0 0.6±0.1 

R1 0.2±0.0 0.5±0.1 0.6±0.1 0.9±0.1 1.1±0.2 

R2 0.6±0.1 0.7±0.1 0.9±0.1 1.1±0.1 1.6±0.1 

   
a
Scoring scale 0-4 with: 0 no difference from reference sample-table water packaged in glass; 1 slight   

                                       difference; 2 moderate difference; 3 strong difference; 4 very strong difference 

   
b

 Values are means of seven scores ±SD 

   
c 

Film/water contact for 10 days at 40
o
C 

   
d

 Ratio of film (area) to water (weight): 200 cm
2
 (100 g)

-1
 (ml) 
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