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Abstract The aim of this work was to identify the
degradation compounds produced during irradiation of
multilayer polyamide 6 (PA-6) films and to study their
migration into water and 95% ethanol food simulant. After
irradiation of multilayer PA-6 films at 3, 7 and 12 kGy,
degradation compounds were extracted using solid-phase
microextraction, for which the time and temperature of
extraction and stirring were optimized, and identified by
gas chromatography–mass spectrometry. Caprolactam, 2-
cyclopentylcyclopentanone and aldehydes, among other
compounds, were identified in the headspace of the films.
Polydimethylsiloxane was considered the best fiber for
extraction. The optimum conditions of time, temperature
and stirring to extract the compounds were 20 min, 80 °C
and 225 rpm. For validation purposes, the compounds were

quantified in water and 95% ethanol and the results showed
high sensitivity, good precision and accuracy. Migration of
compounds from irradiated and non-irradiated multilayer
PA-6 films into water and 95% ethanol food simulants was
carried out at 40 °C for 10 days. The method was efficient
for the quantification of decaldehyde, 2-cyclopentylcyclo-
pentanone and caprolactam that migrated from multilayer
PA-6 films into food simulants.

Keywords Degradation compounds . γ radiation .
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Gas chromatography–mass spectrometry

Introduction

Food irradiation as an alternative to thermal and chemical
preservation methods has the advantages that it can be used for
prepackaged foodstuffs and allows the use of different
packaging materials, especially plastic packaging. Besides the
benefits conferred to foods, irradiation of polymers can produce
degradation compounds of low molecular mass (radiolysis
products) and can affect mechanical, thermal and barrier
properties as well as the migration behavior [1–5]. Among
other low molecular mass compounds, degradation com-
pounds, monomers, additives and oligomers have the potential
to migrate from packaging into food in contact with it [6–8].

Only a few works have showed the effect of irradiation
on migration of compounds from plastic packaging into
food [3, 9–14]. Migration levels of some additives from
plastic packaging were reduced after irradiation depending
on the doses and the polymer [3, 9, 10]. Irradiated
polyamide (PA) films used as food and pharmaceutical
packaging showed no change in the volatile compound
levels when compared with non-irradiated films [10]. Also,
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caprolactam levels increased more than twofold in PA-6
films irradiated at 5 kGy and remained almost the same
with doses from 5 to 200 kGy [14]. Aminocaproic acid was
produced after irradiation of food packaging PA-6 films
(25, 50 and 100 kGy), but no changes were observed in
caprolactam levels. Moreover formamide, acetamide, propan-
amide, butanamide, pentanamide and hexanamide were also
formed, among which pentanamide was the main radiolysis
product [11–13]. Besides C9 and C10 aliphatic hydrocarbons,
other volatile compounds were formed during irradiation of
PA-6 and PA-12 films [3].

Solid-phase microextraction (SPME) is a very efficient
technique to extract volatile compounds from a wide range
of matrixes, including polymers. Headspace (HS)-SPME
combined with gas chromatography (GC)–flame ionization
detection (FID) or GC–mass spectrometry (MS) was used
to separate and identify volatile compounds from PA-66
[15–17] and polystyrene [18, 19] and to determine com-
pounds migrating from poly(vinyl chloride) into aqueous
solutions [20]. Butylated hydroxytoluene (BHT) in bottled
water was analyzed using HS-SPME and direct SPME
combined with GC-MS [21]. Impurities in industrial
caprolactam produced from toluene were determined by
SPME and GC-MS [22]. Identification and quantification
of low molecular mass degradation products of antioxidants
which migrated from polypropylene into 10% ethanol was
carried out using SPME [23]. HS-SPME-GC-MS was also
able to identify low molecular mass degradation products as
hindered phenol antioxidants, cyclic imides, pyridines,
chain fragments and cyclopentanones from virgin and
recycled thermo-oxidized PA-66, besides migration of
brominated benzenes from recycled PA-66 [24].

The aim of this work was to identify volatile compounds
produced from irradiation of multilayer PA-6 films used as
food packaging, especially for meat foodstuffs and cheese,
and to study their migration from the packaging into food
simulants.

Experimental

Chemicals and samples

Analytical standards of acetamide, propanamide, hexanamide,
caprolactam, octaldehyde, decaldehyde, 1-phenylcyclohexene,
diphenyl ether, tributyl phosphate (TBP), caprylic ether and
BHT were from Sigma-Aldrich (Sreinheim, Germany), form-
amide, nonaldehyde and copaene were from Fluka (Buchs,
Switzerland), pentanamide and 2-cyclopentylcyclopentanone
were from Alfa Aesar (Karlsruhe, Germany) and butanamide
was from Merck (Darmstadt, Germany), all of them higher
than 95% purity. Stock solutions of the analytical standards
were prepared in tetrahydrofuran (Merck, Darmstadt, Ger-

many) and were stored at 4 °C. Working solutions were
prepared by dilution in water food simulant or 95% ethanol
food simulant as necessary.

Commercially available multilayer PA-6 films were
supplied by the Brazilian producing companies, two brands
used for meat foodstuffs and one brand used for cheese,
named M1, M2 and M3, respectively.

Irradiation

Multilayer PA-6 films were irradiated in the Radiation
Technology Center (CTR) of the Nuclear and Energetic
Research Institute (IPEN), Brazil, using a Gamacell 60
cobalt irradiator of 12 kCi. Multilayer PA-6 films (2×3 and
10×10 cm2) were placed in hermetically closed glass vials
(20 mL) and subjected to 3 and 7 kGy (meat foodstuffs)
and 12 kGy (cheese) [25].

Identification

Polydimethylsiloxane (PDMS), PDMS–divinylbenzene
(PDMS/DVB) and Carbowax–DVB (CW/DVB) coated
SPME fibers (Supelco, Bellefonte, PA, USA) with 100-,
65- and 65-μm thicknesses, respectively, were used in a
qualitative previous screening. The fibers were exposed for
20 min at 25 °C to the HS of the vials containing irradiated
and non-irradiated film samples. Desorption was carried out
in the gas chromatograph injection port for 10 min. An HP
5890 gas chromatograph (Agilent Technologies, Palo Alto,
CA, USA) coupled to a 5971-A MS detector was used. An
HP-5MS (30 m×0.25 mm×0.25 μm) capillary column was
utilized at 80 °C for 2 min, programmed at 20 °C/min up to
195 °C for 1 min, then heated to 320 °C at 10 °C/min and
held for 2 min. Helium was the carrier gas (1.0 mL/min).
Splitless mode (1 min) was used, and the injection and
detection temperatures were 240 and 280 °C, respectively.
The mass spectrometer was operated in electron impact
mode (70 eV) and the masses were scanned over an m/z
range of 45–400 amu. Compounds were identified by
matching their mass spectra with the US National Institute
of Standards and Technology (Gaithersburg, MD, USA)
commercial library (purity criterion more than 85%).
Retention time and fragmentation spectra of pure standards
were obtained for confirmation.

SPME optimization

Among the parameters that can affect the extraction process,
stirring, temperature and time of extraction were evaluated
using PDMS fiber. The software MODDE 6.0 from Umetrics
(Umeå, Sweden) was used to design the experiment and to
perform the optimization. A factorial design (23) consisting of
eight experiments plus four repetitions of center point was
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Fig. 1 Chromatograms obtained by headspace solid-phase microextraction (SPME)–gas chromatography–mass spectrometry, using poly-
dimethylsiloxane fiber, from multilayer polyamide 6 films (sample M1) after irradiation with 0, 3 and 7 kGy. Numbered peaks are identified in
Table 2
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used, totalizing 12 experiments. Time (2–20 min) and
temperature of extraction (25–80 °C) and stirring (100–
350 rpm) were evaluated. The sum of the chromatographic
peak areas of the 17 compounds studied and also the
maximization of individual areas for each one were the
optimization criteria adopted.

A standard solution containing 17 compounds was pre-
pared in aqueous medium. They were extracted by immersion
of PDMS fiber and then desorbed at the injection port of a
Finnigan Focus gas chromatograph (Thermo Electron)
equipped with an AS 3000 autosampler and a flame ionization
detector. An SGV-1701 (60 m×0.25 mm×0.25 μm) capillary
column was used. The column temperature was held at 40 °C
for 1 min, then programmed at 10 °C/min to 195 °C for 1 min
and finally heated at 10 °C/min up to 250 °C for 1 min.
Helium was the carrier gas at a flow rate of 1.5 mL/min. The
injection and detection temperatures were 240 and 280 °C,
respectively. Splitless mode (1 min) was used.

Validation

Linear range, precision, detection and quantification limits
and accuracy were evaluated following the protocols
reported in the literature [26–28]. Standard stock solutions
containing 17 compounds were prepared in tetrahydrofuran
and then diluted, as necessary, in water (ultrapure) and 95%
ethanol, used as food simulants. These water standard
solutions were subjected to SPME by immersion using a
CTC-CombiPAL system coupled to an Agilent 6890N gas
chromatograph equipped with an Agilent 5975B MS
detector. An HP-5MS (30 m×0.25 mm×0.25 μm) capillary
column was used, operated at 40 °C for 4 min, programmed
at 10 °C/min up to 195 °C for 1 min, then heated to 250 °C
at 10 °C/min and held for 1 min. The injection (splitless) and
detection temperatures were 240 and 280 °C, respectively.
Helium was the carrier gas at a flow rate of 1 mL/min. It was
used for both scan (45–350 amu) and selected-ion monitor-
ing (SIM) modes. Standard solutions of 95% ethanol were
injected (1 μL) into the same GC system as described above.
The same column was utilized at 50 °C for 4 min,
programmed at 30 °C/min up to 80 °C for 1 min, and then
heated to 250 °C for 1 min at 10 °C/min. The injection and
detection temperatures were 250 and 280 °C, respectively.
The same carrier gas was used at a flow rate of 1.5 mL/min,
and the scan mode was the same as described in
“Identification.” The SIM mode was also applied.

Migration

For the migration assay, pieces of irradiated and non-
irradiated films (2×3 cm2) were, independently, placed in
contact with water (15 mL) and 95% ethanol (15 mL) food
simulants, inside glass vials which were hermeticallyT
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capped. These vials were stored in an oven thermostatically
maintained at 40±1 °C for 10 days. Samples were analyzed
in triplicate for each radiation dose. A blank prepared with
non-irradiated PA-6 films in the simulant and another only
with simulant were used as references, and were exposed
and analyzed under the same conditions. After contact, film
samples were removed and then the compounds that
migrated into water were analyzed using SPME-GC-MS,
while those that migrated into 95% ethanol were analyzed
by GC-MS, using the same conditions described in
“Validation.” All migration tests were carried out by total
immersion. Water simulant is generally used to simulate

aqueous food and 95% ethanol is an alternative fatty-food
simulant, used as a substitute for olive oil [29–31].

Results and discussion

Identification

After all the fibers had been exposed to the HS of the
irradiated and non-irradiated multilayer PA-6 films for 20min
at 25 °C, the desorption was carried out in the injection port
of the GC-MS system. The compounds identified are shown

Table 2 Peak areas of water standard solution compounds extracted by different SPME fibers and analyzed by gas chromatography–flame
ionization detection, and chemical structures of the substances

ND. not detecded
*n=1
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in Fig. 1 and Table 1. Figure 1 also shows the chromato-
grams of compounds extracted from multilayer PA-6 by
PDMS and analyzed by GC-MS after irradiation with 0, 3
and 7 kGy. All the analyses were carried out in duplicate.

As can be seen from Table 1, nonaldehyde and decaldehyde
were identified in all film samples, mainly when PDMS and
CW/DVB fibers were used. Furthermore, decaldehyde showed
a higher peak area than nonaldehyde for non-irradiated film
samples. Octaldehyde was detected only in the irradiated M3
sample. Caprolactam showed the same behavior as decalde-
hyde and it was extracted by the three different fibers. Copaene
and 4-phenylcyclohexene were extracted by all the fibers
and was found only in irradiated films. On the other hand,
2-cyclopentylcyclopentanone, diphenyl ether, BHT, TBP and
caprylic ether were identified only in non-irradiated film
samples and were extracted by all fibers, with exception of
caprylic ether, which was extracted only by PDMS/DVB and
CW/DVB fibers.

The results indicated that caprolactam, 2-cyclopentylcy-
clopentanone, copaene, 4-phenylcyclohexene, diphenyl

ether, BHT, TBP and caprylic ether could be used as
irradiation markers. Copaene and 4-phenylcyclohexene
could be considered as irradiation markers as they appeared
only in irradiated film samples. In contrast, 2-cyclopentyl-
cyclopentanone, diphenyl ether, BHT, TBP and caprylic
ether appeared only in non-irradiated film samples. Capro-
lactam was found in both films, with a higher proportion in
non-irradiated film samples.

In addition to the 11 compounds identified in the screening
step, six amides were included as they were described as the
main radiolysis products from irradiated PA-6 films [12, 13].

In the screening step it was not possible to choose which
fiber showed the best extraction performance, making it
necessary to carry out another experiment to select the fiber
for the extraction process. To achieve this goal, all the
SPME fibers were immersed in a water standard solution
containing 17 compounds at 80 °C for 20 min and analyzed
using GC-FID. The peak areas obtained for each fiber are
shown in Table 2 as well as the chemical structures of the
compounds studied.

Fig. 2 Chromatogram obtained
for the 17 compounds shown in
Table 2, using polydimethylsi-
loxane fiber and gas chroma-
tography–flame ionization
detection

Fig. 3 Response surface methodology (RSM) total area graphics obtained from SPME optimization of 17 compounds shown in Fig. 2
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As can be seen from Table 2, PDMS fiber showed higher
peak area for most of the compounds when compared with
PDMS/DVB and CW/DVB fibers, although the amides were
not extracted under the conditions studied. On the basis of
these results, PDMS was chosen to be used in the
optimization step owing to its better fiber performance.
Figure 2 shows the chromatogram obtained for the 17
compounds, shown in Table 2, which were extracted by
PDMS and analyzed by GC-FID. It should be mentioned
that all of them were extracted by PDMS, including the
amides, because of the high concentrations used in this case.

Optimization

Response surface methodology (RSM) graphics obtained
using MODDE indicated the extraction conditions to
achieve the highest amount of compounds, expressed as
total area. The highest peak areas were obtained when the
extraction temperature was 80 °C, the extraction time was
20 min and stirring was at 225 rpm (Fig. 3).

Typical RSM graphics for individual compounds, cap-
rolactam, octaldehyde, 2-cyclopentylcyclopentanone,
diphenyl ether, caprylic ether and copaene, when 225 rpm
was used, are shown in Fig. 4. Among 11 compounds
identified in irradiated and non-irradiated multilayer PA-6
films, six (nonaldehyde, decaldehyde, 1-phenylcyclohexene,
diphenyl ether, BHT and TBP) showed exactly the same
behavior when 225 rpm was used. All of them showed the
highest peak areas between 13.5 and 20 min and 45 and 80 °C
(Fig. 4a), whereas octaldehyde showed the widest response

range for time (7–20 min) and temperature (30–80 °C)
when compared with the other compounds (Fig. 4b). 2-
Cyclopentylcyclopentanone revealed the highest peak area
between 14 and 20 min and 30 and 60 °C (Fig. 4c). All the
amides showed the same behavior as caprolactam, with the
highest peak area between 18.5 and 20 min and 79.5 and
80 °C (Fig. 4d). Similar results were observed for copaene
(18–20 min, 66–80 °C) (Fig. 4e). Only caprylic ether showed
clearly different behavior (19–20 min, 25–30 °C) (Fig. 4f).

Validation

A total time of 18 and 27 min was enough to separate all the
17 compounds in water and 95% ethanol food simulants,
respectively. The characteristic ions 44 and 73 for propanam-
ide, 44, 59 and 72 for butanamide, 57, 69 and 84 for octal-
dehyde, 44, 59 and 72 for pentanamide, 57, 70 and 98 for
nonaldehyde, 59, 72 and 86 for hexanamide, 57, 70 and 82 for
decaldehyde, 55, 84 and 113 for caprolactam, 55, 67 and 84
for 2-cyclopentylcyclopentanone, 105, 119 and 161 for
copaene, 129 and 158 for 4-phenylcyclohexene, 141 and
170 for diphenyl ether, 57, 205 and 220 for BHT, 99, 155 and
211 for TBP and 57, 71 and 84 for caprylic ether were chosen
for quantitative studies. Tables 3 and 4 present the base peak
(m/z) of each compound.

Regarding linearity, a wide linear range was obtained for all
the compounds. Calibration curves showed correlation coef-
ficients (r), for a linear regression model, from 0.9762 to
0.9999 for water food simulant and from 0.9831 to 0.9996 for
95% ethanol, indicating a strong positive linear correlation

Fig. 4 RSM graphics obtained from SPME optimization for a diphenyl ether, b octanal, c 2-cyclopentylcyclopentanone, d caprolactam,
e copaene and f caprylic ether at 225 rpm
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between concentration and peak area. Sensitivity for amides in
95% ethanol food simulant was higher than in water food
simulant. For all the other compounds, sensitivity showed the
opposite behavior. Detection and quantification limits were
0.12–1.52 and 0.39–5.07 μg/g, respectively, for amides and
were lower than 7.4×10–5 and 2.5×10–4 μg/g, respectively,
for all the other compounds in water food simulants. For 95%
ethanol detection limits were below 0.13 μg/g and quantifica-
tion limits were below 0.43μg/g. Accuracy was studied during
the precision assay and was expressed as a percentage for the
true value of the analyte in the sample and the value obtained
by analysis. For recovery, one concentration level of standard
solution was added to the matrix. Recovery values were from
83.6 to 123.4%, with a maximum relative standard deviation
(RSD) of 14.7% for water simulant (Table 3), and from 83.7 to
121.2%, with a maximum RSD of 10.8% for 95% ethanol
simulant (Table 4). Exceptions were hexanamide and capro-
lactam, which showed a recovery of 131.9 and 132.3%,
respectively. It should be mentioned that even when very low
spiking levels were used, a high recovery was obtained.

The validation of the method to determine caprolactam
from non-irradiated multilayer PA-6 films in 3% acetic acid
food simulant also showed good precision (RSD ≤ 4.3%) and
accuracy (100–106% recovery) in a total time of 11 min [32],
while olive oil food simulant showed a RSD of 3.8%, and a
recovery of 88.6–112%, with the same time of analysis as
3% acetic acid [33].

Migration

The levels of compounds that migrated from irradiated and
non-irradiated film samples into water and 95% ethanol
food simulants are shown in Table 5.

Only three compounds migrated from irradiated and
non-irradiated multilayer PA-6 film samples into water food
simulant and one compound migrated into 95% ethanol

food simulant. Migration of decaldehyde occurred only from
non-irradiated M1 and M2 film samples, at a very low level,
into water food simulant. 2-Cyclopentylcyclopentanone also
migrated only from non-irradiated film samples (M1, M2 and
M3) into water food simulant. High levels of caprolactam
migrated from non-irradiated film samples into water food
simulant. Also, there were high migration levels of capro-
lactam into 95% ethanol from irradiated and non-irradiated
multilayer PA-6 film samples (M1, M2 and M3). Besides,
caprolactam levels reduced with the increase of radiation
dose from 0 to 3 kGy, and stayed the same up to 7 kGy, for
M1 and M2, while the caprolactam levels also reduced for
M3 with increasing irradiation (Table 5). The migration
level of caprolactam was in accordance with the limits es-
tablished by European and Brazilian legislation (15 mg/kg)
[29, 30]. The amount of caprolactam that migrated from
non-irradiated multilayer PA-6 films into 3% acetic acid
food simulant was 6.9–10.5 mg/kg [32], very similar to the
levels obtained in this work.

Conclusions

PDMS was the best fiber for extraction of volatile
compounds from irradiated and non-irradiated multilayer
PA-6 films, with the highest peak area for most of the
compounds. The best conditions of time, temperature and
stirring to extract the compounds studied using SPME were
20 min, 80 °C and 225 rpm. The method was validated,
showing high sensitivity, good precision and accuracy. It
was considered very efficient for quantification of the
compounds that migrated from multilayer PA-6 films into
water and 95% ethanol food simulants. Decaldehyde and 2-
cyclopentylcyclopentanone migrated from multilayer PA-6
film samples into water and caprolactam migrated into both
food simulants.

Table 5 Levels of migration of compounds from irradiated and non-irradiated multilayer PA-6 films into water and 95% ethanol food simulants

Compounds Migration levels (μg/g)a

M1 M2 M3

0 kGy 3 kGy 7 kGy 0 kGy 3 kGy 7 kGy 0 kGy 12 kGy

Decaldehyde (water simulant) 0.004±0.000 ND ND 0.004±0.000 ND ND ND ND
Caprolactam (water simulant) 12.96±2.31 ND ND 10.22±0.02 ND ND 7.52±1.88 ND
2-Cyclopentylcyclopentanone
(water simulant)

0.02±0.00 ND ND 0.01±0.00 ND ND 0.01±0.00 ND

Caprolactam
(ethanol 95% simulant)

9.43±1.01 6.11±0.06 6.42±2.14 10.01±0.00 8.88±0.75 8.99±0.25 7.68±0.01 6.97±0.12

ND. not detected.
aMean±SD value for two replicates, n=2.
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