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ABSTRACT 
Headspace solid-phase microextraction was used to extract low-molecular 

mass degradation products formed during thermo-oxidation of virgin and in-
plant recycled polyamide 6.6 at 100°C for up to 1200 hours. A total of 20 
degradation products were identified using GC-MS. The identified degradation 
products shared some common structural features and were categorised into 
four different groups: cyclic imides, pyridines, chain fragments and 
cyclopentanones. From the structures of the degradation products it was 
concluded that the thermo-oxidative degradation preferentially starts at the N-
vicinal methylene group. The use of an internal standard enabled monitoring of 
changes in abundance of the identified degradation products during ageing. It 
was found that N-pentyl-succinimide showed the largest increase in abundance 
due to ageing. Also the amounts of chain fragments and pyridines increased due 
to thermo-oxidation. 2-cyclopentyl-cyclopentanone was found in largest 
amounts in virgin material and the amount of it decreased due to repeated 
processing, probably due to degradation into lower molecular weight 
cyclopentanone derivatives. Larger amounts of degradation products were 
extracted from recycled material compared to virgin material and for some 
degradation products the increase in amount extracted corresponded almost 
linearly to the number of processing operations. The increased susceptibility 
towards thermo-oxidation due to in-plant recycling was verified using tensile 
testing, DSC and FTIR as it was found that recycled material were affected 
earlier and more by thermo-oxidation than virgin material. The largest drop in 
tensile strength coincided with the largest increase in formation of degradation 
products. The high versatility of HS-SPME-GC-MS was demonstrated as it not 
only was able to extract a large number of degradation products with a rather 
wide range of chemical properties but also could be used to track changes 
caused by degradation already at early stages of degradation when the other 
techniques employed failed to detect any differences. 
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1. INTRODUCTION 
1.1. Purpose of the Study 

Due to their organic nature polymeric materials are constantly interacting 
with oxygen in the surrounding atmosphere, causing degradation, and 
ultimately resulting in deteriorating material performance during service-life. 
The long-term properties of bulk plastics e.g. polyethylene (PE) and 
polypropylene (PP) have been thoroughly studied during the last thirty years [1-
5]. Some studies have focused on the changes that take place in the polymer 
morphology whereas others have focused on the low molecular mass 
compounds that are released into the surrounding environment due to 
degradation. The aims of the studies were closely related: to monitor changes in 
mechanical properties, deduce long-term degradation mechanisms or study the 
environmental interaction of polymers during service-life. However, only 
comparatively little attention has been paid to the long-term properties of 
engineering plastics e.g. polyamide (PA) and today the knowledge about the 
long-term oxidative degradation of polyamide 6.6 (PA66) is comparatively 
scarce. Furthermore, with current environmental consciousness and a 
comparatively high price of engineering plastics, the demands on recycling of 
not only the large volume plastics, but also of the engineering plastics, have 
increased. Since recycling is known to affect the long-term properties of 
plastics, the need for studies of long-term properties also of recycled materials 
have increased. Due to the rapid development in recent years of sensitive and 
selective techniques to identify organic compounds it is now possible to study 
the long-term properties and influence of recycling of polymeric materials on a 
molecular level.  

The purpose of the present work was to study the thermo-oxidative 
degradation mechanism and influence of repeated processing on the long-term 
properties of PA66. In particular, the following topics have been addressed: 

 
1. Identify the low molecular mass long-term thermo-oxidation 

degradation products from PA66 to deduce the thermo-oxidative 
degradation mechanism. (Paper I) 

2. Study the influence of repeated processing on the susceptibility 
towards thermo-oxidation. (Paper II) 
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3. Correlate the formation of low-molecular mass degradation products 
to the simultaneous changes in material properties during the course of 
thermo-oxidation. (Paper II) 
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1.2. Polyamide 6.6 
Polyamides are a group of polymers which all contain an amide group in 

their repeating unit. They can be produced by either ring-opening 
polymerisation of cyclic lactames e.g. polyamide 6 (PA6) and polyamide 11 
(PA11) or from condensation reactions between diacarboxylic acids and 
diamines e.g. polyamide 6.6 (PA66) and polyamide 4.6 (PA46). The amide-
groups in the polyamide repeating unit enable strong hydrogen-bonding 
between adjacent polymer chains in the material, making it strong and thus 
suitable as an engineering plastic. PA66 was first synthesised in the mid-1930s 
by W. H. Carothers at DuPont and found its first commercial application in 
1941 as a substitute for silk in hoses [6]. It is produced in a solid-phase 
condensation reaction from a salt of equal amounts of hexamethylenediamine 
and adipic acid. The salt is prepared by reacting hexamethylenediamine and 
adipic acid in boiling methanol followed by precipitation of the insoluble salt. 
A 60% aqueous solution of the salt is then heated to 280°C and pressurised to 
1.7 MPa for approximately 2 hours to produce the polymer. Trace amounts of 
acetic acid are often added to the solution to limit the molecular weight to 10 
000 to 20 000 g/mol. The melting point of PA66 is 265°C and it is degree of 
crystallinity is approximately 50% [7]. 

In the year of 1999 polyamides, of which 45% was PA66, 45 % PA6 and 
10% PA46 and PA11, represented approximately 4% of the total consumption 
of thermoplastics in Western Europe. However, of the engineering plastics, 
polyamides are the most consumed. The consumption of PA approximately 
equalled the total consumption of ABS/SAN, PMMA, PC and acteals [8]. PA66 
is used in a wide range of high temperature engineering applications where a 
tough material is required e.g. for under-the-hood applications in cars. It is also 
used in less demanding application e.g. as fibers in textiles and for films in the 
packaging industry. 

 
1.3. Polyamide 6.6 Degradation 

The term degradation may be used to describe irreversible changes in the 
chemical structure as a result of exposure to external forces. There are several 
different sources of degradation e.g. mechanical degradation from wear, 
biological degradation caused by micro- and macro-organisms and chemical 
degradation caused by UV-light, heat or hydrolysis. Chemical degradation 
caused by UV-light and heat causes clearly visible yellowing of polyamide 6.6 
even at low degrees of degradation. The observation of yellowing of 
polyamides when exposed to air during processing or from exposure to sunlight 
during service-life has initiated several studies on chemical degradation of 
polyamide 6.6. The majority of the studies have focused on thermal degradation 
whereas only a few studies have focused on photo- and thermo-oxidative 
degradation. 
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The literature on thermal nonoxidative degradation of nylon 6.6 [9] and 
thermal and thermo-oxidative degradation of polyamides in general [10] was 
recently reviewed. 

 

1.3.1. Photo-and Thermo-Oxidation 
In the late 1950´s Sharkey and Mochel studied the photo-oxidative 

degradation of model compounds of aliphatic polyamides [11]. The use of 
chromatographic techniques enabled the identification of carboxylic acids, 
aldehydes, carbon dioxide and carbon monoxide as degradation products. 14C-
labelling of the model compounds made it possible to show that the initial 
reaction in photo-oxidative degradation is oxygen attack at the methylene group 
adjacent to the nitrogen atom, as shown in Scheme 1.1. 

 

 
 

Scheme 1.1. Initial hydrogen abstraction according to Sharkey and Mochel. 

Continuing the work of Sharkey and Mochel, Marek and Lerch identified 
carbonyl compounds and pyrroles as degradation products from photo-oxidation 
of polyamide model compounds using UV-absorption spectrometry and titration 
techniques [12]. They concurred to the opinion of Sharkey and Mochel that 
photo-oxidative degradation starts by oxygen attack at the N-vicinal methylene 
group and presented the mechanism, as shown in Scheme 1.2, for photo-
oxidative degradation of hexamethylenediamine based polyamides resulting in 
formation of succinic acid, succinic dialdehyde and pyrrole. They also 
suggested that the pyrrole is responsible for the yellowing of polyamide 6.6 
when photo-oxidised.  
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Scheme 1.2. Formation of succinic acid and succinaldehyde and pyrrole from photo-

and thermo-oxidation of polyamide 6.6 according to Marek and Lerch. 

At approximately the same time Levantovskaya et al. studied thermo-
oxidation of PA6. From chromatographic identification of the degradation 
products they concluded that also thermo-oxidative degradation is initiated by 
hydrogen abstraction from the methyl-group adjacent to the nitrogen atom and 
propagates by oxidation of the formed macroradical [13]. Their results were 
confirmed in 1987 when Do and Pearce showed that photo- and thermo-
oxidative degradation of polyamide 6.6 proceeds via the same mechanism [14, 
15]. Some years later Karstens and Rossbach reviewed the literature on 
polyamide 6.6 oxidative degradation and presented a detailed degradation 
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scheme starting with oxygen attack at the N-vicinal methylene group, as 
presented in Scheme 1.3 [16, 17].  

 

 
Scheme 1.3. Thermo-oxidation route according to Karstens and Rossbach. 
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This basic mechanism is now accepted by most authors [18-23]. Recent 
studies performed by Matsui et al. [24, 25] using Resonance Raman 
spectroscopy of a polyamide 6.6 model compound photo-oxidised under 16O2, 
18O2 and N2 identified an enal as a primary degradation product. The enal was 
proposed to form from oxidative degradation at the N-vicinal methylene giving 
further evidence for the similarity between thermo- and photo-oxidative 
degradation. No evidence for further oxidation of the enal to a carboxylic acid 
could be found, probably due to the low temperature used for the experiment. 

The higher oxidizability of the N-vicinal methylene group means that, 
chemically, polyethylene is more stable than aliphatic polyamides. Nevertheless 
the long-term stability of aliphatic polyamides is better than that of 
polyethylene. This means that besides chemical factors, physical factors are 
important for the degradation rate of aliphatic polyamides. Furthermore, the 
oxidative stability of PA46 is higher than that of PA66, which was concluded 
by Gijsman et al. to be due to the higher crystallinity and/or density of the 
amorphous phase of PA4 leading to lower permeability of oxygen and hence 
higher oxidative stability [26]. 

Tensile bars of heat stabilized, glass reinforced polyamide 6.6 oven aged at 
150°C were studied by FTIR spectroscopy and tensile testing [27]. The 
embrittlement of the material, as measured in percent retention of elongation, 
was correlated to the formation of carbonyl species during oxidation. By 
removing thin shavings from the surfaces of the bars oxidation was shown to be 
a surface phenomenon. The diffusion controlled nature of thermo-oxidation of 
polyamide 6.6 was confirmed by Ahlblad and co-workers [28] who found the 
oxidation depth after ageing at 100°C in air to be 0.5-0.6 mm. Increased ageing 
temperature resulted in decreased oxidation depth. 

Most previously performed studies on photo- and thermo-oxidation of 
polyamide 6.6 identified the formation of chromophores in the polyamide chain 
by spectroscopic techniques, giving quite uncertain identification of the formed 
low molecular weight degradation products. The few studies, where 
chromatographic techniques were employed, focused on degradation of model 
compounds and then only valeraldehyde, butyraldehyde, propionaldehyde, 
acetaldehyde, valeric acid, hexanoic acid and hexanamide were identified. 

 

1.3.2. Thermal Degradation 
Already in 1951, Achhammer et al. studied the thermal degradation of 

polyamide, but then in the form of mixtures of PA6 and PA66 [29]. Carbon 
dioxide was detected as the major degradation product, closely followed by 
water and cyclopentanone and two degradation mechanisms were proposed 
responsible for the formation of cyclopentanone. In the first mechanism, 
polyamide 6.6 is thermally degraded by scission of the C-N bonds, giving a 
radical that undergoes ring-closure and splits off carbon monoxide to form 
cyclopentanone. The second mechanism involves ring-closure of an adipic acid 
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terminated polymer chain end giving cyclopentanone and carbon dioxide as 
volatile products. In both mechanisms the formation of cyclopentanone was 
attributed to the adipic acid portion of the chain. It was however noted that the 
amount of chain ends was insufficient to explain the large amounts of carbon 
dioxide detected and it was concluded that cyclopentanone may also origin 
from other parts of the chain than its end. Goodman later confirmed that the 
thermal degradation preferentially takes place at the acid unit of the polymer 
and also showed the formation of carbon dioxide to be dependent on the ratio of 
acid to amide end groups [30, 31]. Among the degradation products detected by 
Goodman a pyridine derivative was present. Pyridines were later observed from 
thermal degradation of polyamide 6.6 also by Peebles and Huffman [32]. 

In the 1980´s several authors studied thermal degradation of polyamide 6.6 
using pyrolysis-mass spectrometric techniques, with and without prior gas 
chromatographic separation [33-35]. Several degradation products e. g. 
cyclopentanone, cyclopentanone derivatives where the derivative in the 2-
position was a methyl-, ethyl-, hexyl- or cyclopentyl-group, lactams, nitriles 
and pyridines were identified. All authors assumed that the primary thermal 
degradation process occurred by a β-C-H hydrogen transfer to the carbonyl 
oxygen followed by cleavage of the amide bond giving olefin and amide end 
groups. This mechanism failed to explain the formation of several of the 
detected degradation products and it was later proved wrong by Balistreri and 
co-workers. 

Alberto Balistreri has contributed greatly to the knowledge about thermal 
degradation of polyamide. In 1986 Balistreri et al. identified the thermal 
decomposition products from aliphatic-aromatic polyamides derived from 
succinic or adipic acid and aromatic diamines after pyrolysis at 700°C [36]. 
Pyrolysis of polyamides containing succinic units yielded compounds with 
succinimide and amide end groups whereas pyrolysis of adipic units yielded 
compounds with amine and keto amide end groups. It was concluded that the 
structure of the aliphatic dicarboxylic acid units strongly influenced the 
degradation mechanism. Polyamides with succinic units were proposed to 
decompose via a hydrogen transfer process with formation of amine and 
succinimides end groups. Adipic acid based polymers, e.g. polyamide 6.6, were 
proposed to thermally degrade via a hydrogen transfer to the nitrogen atom with 
formation of compounds having amine and keto amide end groups. 
Furthermore, cyclopentanone, carbon dioxide and compounds with azomethine 
and isocyanate groups were also found from pyrolysis of adipic acid based 
polyamides. These compounds were concluded to be secondary thermal 
fragments formed by a hydrogen transfer to the alfa-carbon of the keto amide 
compound formed in the initial stage of degradation. Several following papers 
presented by Balistreri and co-workers confirmed that the mechanism of 
thermal decomposition of polyamides containing adipic acid units starts with a 
C-H hydrogen-transfer reaction to nitrogen, as shown in Scheme 1.4 [37-40]. 
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Scheme 1.4. Thermal degradation of adipic acid containing polyamides according to 

Balistreri et al. 

Steppan et al. reviewed the literature on polyamide 6.6 thermal degradation 
and presented a basic scheme of degradation reactions that polyamide chain 
ends may participate in [41]. The scheme is consistent with all the published 
data on thermal degradation of polyamide 6.6. Attempts were made to 
incorporate the model into a mathematical model describing the polymerisation 
process in order to predict e.g. molecular weight, amount of degraded and 
undegraded chain ends and extent of crosslinking. The predictions of the model 
concured fairly well with experimental data but also showed that the thermal 
degradation is more complex than as described by the model and does not only 
involve the chain ends.  

Recent studies of low molecular degradation compounds from polyamide 6.6 
have found cyclopentanone-derivatives to migrate from “boil-in-the-bags” 
made of polyamide 6.6 into chicken meat during cooking [42, 43]. Polynuclear 
aromatic hydrocarbons (PAH) and their nitrogen containing derivatives (N-
PAH) were formed after pyrolysis of polyamide 6.6 at very high temperatures, 
i.e. 800-950°C, in both air and nitrogen [44, 45]. 

Burns and Renschler performed Py-GC-MS measurements on polyamide 6.6 
yarn samples aged between 14 to 124 days in air at 90 to 130°C and tentatively 
identified cyclopentanone, adiponitrile, N-ethyl-succinimide and caprolactam in 
their pyrograms [46]. They were able to correlate linearly the increase in peak 
area of N-ethyl-succinimide to the loss in tensile strength of aged samples with 
excellent agreement. Furthermore, they also observed that the number of 
pyrolysis products increased as a function of tensile strength loss. 
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1.3.3. Process-Induced Degradation 
There is no regular collection of post-use moulded polyamide 6.6 articles in 

Europe today. Probably the largest amount of polyamide collected is that from 
packaging in Germany but this polyamide is co-extruded with polyolefins and 
the film is mixed with other waste [47]. In the USA a number of companies are 
presently recycling polyamide 6.6 fibers from scrap carpet. The fibers are 
depolymerised to the nylon monomers which subsequently are polymerised in a 
closed-loop system [48]. A European project has been conducted to develop 
recycling processes for end-of-life polyamide parts from dismantled cars [49]. 
However, industrial polyamide waste arising from e.g. sprues, runners and off-
specification parts from the injection moulding industry is routinely regrinded 
and incorporated into the stream of incoming virgin material, i.e. the material is 
in-plant recycled. The mechanical recycling of glass-fiber reinforced polyamide 
6.6 was recently studied by Eriksson [50]. It was shown that in-plant recycling 
of unstabilised unreinforced polyamide 6.6 has little influence of the short-term 
mechanical properties of the material. However, during subsequent ageing of 
the samples a faster increase in carbonyl groups, decrease in melting peak 
temperature and elongation at break was observed for in-plant recycled samples 
[51]. For glass-fiber reinforced polyamide 6.6 degradation of the polymer 
matrix during in-plant recycling only contributes little to the loss in mechanical 
properties. In fact, mechanical testing showed that in-plant recycling led to 
deterioration in tensile strength by only 10 % compared to that of virgin 
samples. The major source for decrease in tensile strength was attributed to 
process-induced fiber-shortening [52]. For in-plant recycled polyamide 6.6 
samples exposed to an accelerated service related environment four consecutive 
re-moulding operations could be performed without any detectable influence on 
mechanical properties [53]. 

 
1.4. Theory of Solid Phase Microextraction 

Solid phase microextraction (SPME) is a relatively new extraction method 
based on a fused silica fiber coated with a polymeric stationary phase. It is an 
inexpensive, rapid and solvent-free technique for isolation of organic 
compounds. SPME is based typically on a one centimeter long, thin fused silica 
fiber coated with a polymeric stationary phase mounted in a modified syringe. 
For sampling an aqueous or solid sample containing organic volatiles the 
sample is placed in a vial that is closed with a cap that contains a septum. The 
sheath of the SPME syringe is pushed through the septum and the fiber is 
immersed directly into aqueous samples or in the headspace over the liquid or 
solid sample matrix. During extraction the analytes are adsorbed or absorbed by 
the fiber, depending on the type of stationary phase used [54]. After completed 
extraction the SPME fiber is placed in the injection port of a GC where the 
analytes are thermally desorbed and transferred to the capillary column. SPME 
is an equilibrium technique, therefore the analytes are not completely extracted 
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from the matrix. Nevertheless, the method is useful for quantitative work and 
excellent precision and linearity have been demonstrated. The sensitivity and 
time required to reach adsorption equilibrium depends on the partition 
coefficients between the fiber and the analytes and the thickness of the phase. 
Several external factors influence the extraction efficiency of which the most 
important are temperature (for headspace extraction) and pH, salting and 
agitation (for solution extraction). For reproducible results consistent timing is 
more important than full equilibrium. Limits of detection and quantitation are 
often below 1 ppb. There are several commercially available fiber materials 
with different polarities and fiber thicknesses and selectivity of the extraction 
can be altered by changing the fiber material. The theory of SPME is 
thoroughly described in a monograph by Pawliszyn [55]. 

SPME has been applied to extraction of organic compounds from air, water 
and soil [56, 57]. The potential of SPME to extract polar analytes such as 
carboxylic acids from water and air has also been shown [58, 59]. The detection 
limit was in many cases in the ppb levels and it could be further lowered by 
derivatisation of the carboxylic acids directly in the matrix, on the SPME-fiber 
or in the GC-injector. Five different SPME fibers were recently evaluated for 
the extraction of volatile carboxylic acids [60, 61]. The fiber materials were 
Polyacrylate (PA), Carbowax-Divinylbenzene (CW-DVB), 
Polydimethylsiloxane-Divinylbenzene (PDMS-DVB), Polydimethylsiloxane-
Carboxen (PDMS-CAR) and Polydimethylsiloxane-Carboxen-Divinylbenzene 
(PDMS-CAR-DVB). The Polydimethylsiloxane-Carboxen fiber was the best 
choice for the extraction of the shortest acids i.e. acetic and propanoic acid. 
Polydimethylsiloxane/divinylbenzene fiber combined with on-fiber 
derivatisation has been used to determine formaldehyde in indoor air [62]. The 
SPME method was shown to be accurate, fast sensitive, and cost-efficient in 
field sampling applications. Several examples of successful use of SPME in 
analytical chemistry are given in a book edited by Pawliszyn [63]. SPME has 
previously been applied to extract oxidation products of environmentally 
degradable polyethylene [64-67]. 
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2. EXPERIMENTAL 
2.1. Material 

A commercial grade polyamide 6.6 (Zytel 101L) was generously supplied by 
DuPont (Stockholm, Sweden). The only additive present in the material was an 
aliphatic lubricant added to facilitate processing. 

 
2.2. Processing of Polyamide 6.6 

The material was extruded into 0.2 mm thick and 100 mm wide strips using a 
Brabender (Duisburg, Germany) DSK 35/9 D counter-rotating twin screw 
extruder equipped with an adjustable flat sheet die head. During the extrusion 
the temperature of the three heated zones and the cylinder die was 285°C. The 
screw speed was 30 mm/min. After the extrusion a small fraction of the 
polyamide 6.6 strips was removed from the material stream for ageing whereas 
the rest of the strips were granulated in a Moretto (Padova, Italy) granulator 
mill and re-extruded to simulate recycling. This was repeated twice and strips 
were taken out after each extrusion and designated V, R1, R2 and R3 to denote 
the number of recycling steps. Prior to each extrusion the granules were dried 
for 8 hours at 90°C in a Piovan granulate dryer (Venezia, Italy). 

 
2.3. Thermo-Oxidation of Polyamide 6.6 

Samples for extraction of degradation products were cut out from the 
extruded polyamide sheets as strips of approximately 1.5 × 5 cm of size. 2 ± 0.1 
g of strips were placed in 20 ml headspace glass vials from Chrompack 
(Middleburg, The Netherlands) and closed with a PTFE-silicone rubber septum 
cap from Perkin Elmer (Wellesley, MA, USA). Samples for tensile testing, DSC 
measurements and FTIR measurements were made by punching dog bone 
shaped specimens from the sheets. The specimens were 5 mm wide with a 
gauge length of 25 mm. The samples were placed in a conventional circulating 
air oven from Heraeus (Hanau, Germany) with a minimum of 1 cm distance 
between adjacent samples. The headspace vials were placed in the same oven 
and oxidised at 100 ± 2°C for 25, 100, 500 and 1200 h, respectively. Tensile 
testing, DSC and FTIR measurements were performed also after 5 h. 
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2.4. SPME Fibers and Extraction Time 
Three different SPME fibers from Supelco (Bellafonte, USA) were evaluated 

for extraction of the volatile compounds present in the headspace above thermo-
oxidised polyamide 6.6. The fibers were: Polar Carbowax (CW) and 
Polyacrylate (PA) and mid-polar Polydimethylsiloxane-Divinylbenzene 
(PDMS-DVB). The PDMS-DVB fiber was found to be superior as it extracted 
more compounds and in larger amounts than the other fibers tested. To find the 
optimum extraction time cyclopentanone and 2-cyclopentyl-cyclopentanone, 
two low molecular compounds known to be present in polyamide 6.6, were 
used as model compounds and extracted for 1, 5, 15, 30 and 60 minutes at 60°C 
and 80°C using a PDMS-DVB fiber. It was found that extraction for 30 minutes 
at 80°C resulted in an optimum uptake of analytes by the fiber and these 
extraction conditions were employed for the further work. To monitor changes 
in abundance of the various extracted compounds during the course of thermo-
oxidation, an internal standard was added to each sample prior to extraction. 
The internal standard also indicates any variations in repeatability and 
performance of the SPME fiber. The internal standard used was an ester, 
methyl-heptanoate, from Polyscience Corp. (Niles, Il, USA). A solution was 
prepared by diluting 5 µl of the ester with 10 ml of chromatography-grade water 
LiChrosolv from Merck (Darmstadt, Germany). 1 µl of the solution was added 
to each vial prior to extraction. 

 
2.5. Gas Chromatography – Mass Spectrometry (GC-MS) 

GC-MS analysis was performed on a ThermoFinnigan (San José, CA, USA) 
GCQ gas chromatograph – mass spectrometer. The GC was equipped with a 
wall coated open tubular capillary column, CP-Sil 8 CB/MS (30m x 0.25 mm x 
0.25µm), from Varian (Palo Alto, CA, USA). The oven was programmed to 
start at 40°C and after one minute increase the temperature with a heating rate 
of 10°C/min to 250°C. Finally the temperature was held constant at 250°C for 
ten minutes. Helium of 99.9999% purity from AGA (Stockholm, Sweden) was 
used as carrier gas with a constant velocity of 40 cm/s. The injector of the GC 
was operated in split-less mode with the relay shut for one minute after 
injection. The temperature of the injector was 220°C. After placing the SPME 
fiber in the injector it was left there for five minutes to clean it between 
extractions. The transfer-line from the GC to the MS was maintained at 275°C. 
The ion trap mass spectrometer operated in electron ionisation (EI) mode using 
an electron voltage of 70 eV and scanned in the range of 35 – 400 m/z with a 
scan-time of 0.43 s. Some samples were also run in chemical ionisation (CI) 
mode with methane as reagent gas to confirm the molecular ions of the 
extracted compounds. The identity of most of the products was confirmed by 
comparison of the recorded mass spectrum and retention time of the 
degradation product to the mass spectrum and retention time of a standard 
compound run under the same conditions. The same GC-MS method was used 
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for the standard compounds as for the degradation products. The identification 
was positive, as the mass spectrum and retention time of the authentic 
compound was identical to those of the unknown degradation product. Not all 
of the degradation products could be identified by comparison to authentic 
compounds since they were not commercially available. These products were 
identified by comparing their mass spectrums to the mass spectrums included in 
a reference library, NIST 98, developed at the National Institute of Standards 
and Technology (Gaithersburg, MD, USA). The identity of some of the 
compounds could be further confirmed by literature mass spectrums [68-71]. 

 
2.6. Tensile Testing 

Tensile properties were measured on an Instron Series IX tensile testing 
instrument (Bristol, UK). The oven-aged samples were drawn to break with a 
crosshead speed of 10 mm/min. All samples were measured dry as moulded and 
tested at 50 % relative humidity and at 23°C. 

 
2.7. Differential Scanning Calorimetry (DSC) 

A Mettler Toledo (Columbus, USA) DSC instrument with an 820 module 
was used to measure the melting peak temperature of the samples. Circular 
disks with a diameter of 4 mm were punched out from the films giving samples 
of approximately 5-6 mg of weight. The size of the disks was chosen to fit the 
measuring pans. All measurements were performed under nitrogen atmosphere 
with a flow rate of 50 ml/min of nitrogen through the measuring cell. The 
instrument was programmed to condition the sample at 25°C for five minutes 
and then raise the temperature to 300°C with a heating rate of 10°C/min. The 
sample was held at 300°C for 3 minutes and then cooled to 25°C at 10°C/min. 
The cycle of heating and cooling was then repeated. The melt peak 
temperatures from the second heating cycle were used in the study. 

 
2.8. Fourier Transform Infrared Spectroscopy (FTIR) 

During oxidation different carbonyl groups are formed in the polymer chain. 
These include acid groups at 1705 cm-1, ketones at 1718 cm-1 and aldehydes at 
1728 cm-1. The formation of these groups was measured using a Perkin-Elmer 
(Wellesley, USA) Infrared Fourier Transform Spectrometer with a 4 × beam 
condensor. The instrument was equipped with a micro ATR holder and a KRS-5 
prism with an incident angle of 45°. The carbonyl index was calculated as the 
ratio of the height of the carbonyl peak at 1718 cm-1 to the height of the amide 
peak at 1200 cm-1. 
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3. RESULTS AND DISCUSSION 
3.1. Increased Susceptibility of In-Plant Recycled Polyamide 6.6 

Towards Thermo-Oxidation 

3.1.1. Increased Formation of Degradation Products 
Repeated processing increased the formation of low molecular mass 

compounds during subsequent long-term thermo-oxidation of polyamide 6.6. 
Figure 3.1 shows the chromatograms of compounds extracted from virgin and 
recycled polyamide 6.6 after (a) 25 and (b) 1200 hours of thermo-oxidation at 
100°C. Extractions were performed also from unaged samples, both virgin and 
recycled material, to see which compounds could be extracted from the material 
prior to degradation. Such compounds are e.g. additives or compounds formed 
during polymerisation or processing of the material. In these extractions only 
low amounts of rather few compounds were detected and the most abundant 
compounds were all fragments of a lubricant added to the material. It was 
concluded that at 80°C longer times than the 30 minutes allowed for extraction 
are required for the low-molecular mass compounds to migrate from inside of 
the polyamide 6.6 films to the surrounding gaseous phase in the sample vials. 
However, after 25 hours of ageing at 100°C 9 compounds were extracted from 
virgin material whereas 12 compounds were extracted from three times recycled 
material. After 1200 hours of oxidation the number of compounds extracted 
from virgin polyamide 6.6 had increased to 14 compared to 16 from the three 
times recycled material. Peaks corresponding to identified compounds are 
marked in the chromatograms in Figure 3.1.  
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Figure 3.1a. Chromatograms of extractions from virgin and recycled polyamide 6.6 
after 25 hours of thermo-oxidation at 100°C. . Numbered peaks are identified in Table 

3.1. L1 –L7 = linear alkanes and alkenes, C13-C17, from lubricant,                             
* = silicones from septa used to seal vials. 
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Figure 3.1b. Chromatograms of extractions from virgin and recycled polyamide 6.6 
after 1200 hours of thermo-oxidation at 100°C. Numbered peaks are identified in 

Table 3.1. L1 –L7 = linear alkanes and alkenes, C13-C17, from lubricant,                   
* = silicones from septa used to seal vials. 
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The names and relative amounts of the identified compounds are presented in 
Tables 3.1. 

 

 
Table 3.1.Identified compounds in in virgin and recycled polyamide 6.6 and their 

relative peak areas. Identified by comparison to: a = authentic compound, b = NIST, 
c = literature mass spectrum. 
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The identified compounds were classified into four different groups; cyclic 
imides, pyridines, chain fragments and cyclopentanones, as presented in Figure 
3.2. Compounds within each group share a common structural feature.  

 

 
Figure 3.2. Classification of identified compounds in virgin and reycled polyamide 6.6 

where compounds in each group share a structural feature. 
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Five cyclic imides were identified: 2,6-piperidinedione (glutarimide), 1-
propyl-2,5-pyrrolidinedione, azepane-2,7-dione, 1-butyl-2,5-pyrrolidinedione 
and 1-pentyl-2,5-pyrrolidinedione. As shown in Figure 3.3, the total amount of 
cyclic imides extracted from both virgin and recycled polyamide 6.6 clearly 
increased during thermo-oxidation.  

 

 

Figure 3.3. Changes in extracted amount of succinimides from virgin and recycled 
polyamide 6.6 during ageing at 100°C for 1200 hours. 

Of all identified compounds 1-pentyl-2,5-pyrrolidinedione showed the most 
prominent increase in abundance due to thermo-oxidation; after 1200 hours its 
relative abundance had increased from 4 to 106 in virgin polyamide 6.6 and 
from 30 to 453 in three times recycled polyamide 6.6. At the end of the 
oxidation period 1-pentyl-2,5-pyrrolidinedione was the most abundant 
compound in all extractions, both from virgin and recycled materials. As shown 
in Figure 3.4, significantly larger amounts of 1-pentyl-2,5-pyrrolidinedione 
were extracted from recycled polyamide 6.6 than from virgin polyamide 6.6 and 
the increase in abundance due to repeated processing corresponded almost 
linearly to the number of recycling steps the material had been subjected to.  
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Figure 3.4 Increase in amount of N-pentyl-succinimide due to in-plant recycling and 

thermo-oxidation at 100°C. 

2,6-piperidinedione, 1-propyl-2,5-pyrrolidinedione and 1-butyl-2,5-
pyrrolidinedione showed similar behaviour towards recycling and thermo-
oxidation as 1-pentyl-2,5-pyrrolidinedione, i.e. their relative amounts increased 
due to thermo-oxidation and repeated processing. However, compared to 1-
pentyl-2,5-pyrrolidinedione, considerably lower amounts of the other cyclic 
imides were extracted. Azepane-2,7-dione did not show the same tendency to 
form due to ageing and repeated processing as the other cyclic imides and its 
relative amount was quite constant in all samples at all stages of thermo-
oxidation. 

The identified pyridines were: 2-methyl-pyridine, 2,4,6-trimethyl-pyridine, 
3-(1-methylethyl)-pyridine, 2-butyl-pyridine and 2-butyl-3,5-dimethylethyl-
pyridine. Considerably larger amounts of pyridines were extracted from 
recycled than virgin polyamide 6.6 and the amount of pyridines increase due to 
ageing, as shown in Figure 3.5.  
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Figure 3.5. Changes in relative amount of pyridines in virgin and recycled polyamide 
6.6 during thermo-oxidaiton at 100°C. 

Furthermore, during the first 100 hours of oxidation a clear difference 
between the samples was found as the amount of pyridines extracted increased 
with the number of extrusions the material had been subjected to. In virgin 
material no pyridine-derivatives could be found at the beginning of the 
oxidation, and even after 100 hours only trace levels of 2-methyl-pyridine could 
be found. 2,4,6-trimethyl-pyridine was however extracted from all three 
recycled materials already after 25 hours of oxidation and in larger amounts 
from three times recycled material than once recycled material. It could not be 
found in virgin material, even after the longest oxidation time. After 1200 hours 
of ageing the difference between the recycled materials had levelled out and 
approximately equal amounts of pyridines were extracted from all three 
recycled materials. 2-butyl-3,5-dimethylethyl-pyridine appeared in rather large 
amounts in all samples after 500 hours of oxidation but somewhat smaller 
amounts of it were extracted after 1200 hours. This is probably due to 
degradation of 2-butyl-3,5-dimethylethyl-pyridine into 3-(methylethyl)-pyridine 
and 2-butyl-pyridine upon prolonged ageing. 
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Figure 3.6. Increased formation of chain fragments from virgin and recycled 

polyamide 6.6 during thermo-oxdiation at 100°C. 

Figure 3.6 clearly shows how the amounts of chain fragments increased due 
to thermo-oxidation and repeated processing. Pentanamide and caprolactam 
were the most abundant chain fragments in the extractions and could be 
extracted from both virgin and recycled material already at the beginning of the 
oxidation. Recycling seems to facilitate the formation of chain fragments only 
after relatively long oxidation times as a distinct difference between virgin and 
recycled materials was found only after 500 hours of ageing. The effect of 
repeated recycling on formation of chain fragments seems quite small however. 

Cyclopentanone and four cyclopentanone derivatives were identified: 2-
ethyl-cyclopentanone, 2-butyl-cyclopentanone, 2-pentyl-cyclopentanone and 2-
cyclopentyl-cyclopentanone. At the beginning of oxidation, i.e. after 25 hours 
of ageing, 2-cyclopentyl-cyclopentanone was the most abundant compound in 
extractions from both virgin and recycled material. Cyclopentanone and the 
three other cyclopentanone derivatives were also extracted but in considerably 
smaller amounts; their relative peak areas were approximately 1% of the peak 
area of 2-cyclopentyl-cyclopentanone. Opposite to the other compounds 
extracted, the amounts of cyclopentanones decreased due to thermo-oxidation, 
as shown in Figure 3.7.  
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Figure 3.7. Changes in relative amounts of cyclopentanones during thermo-oxidation 

of virgin and recycled polyamide 6.6 at 100°C. 

 
Figure 3.8. Decrease in extractable amount of 2-cyclopentyl-cyclopentanone from 

virgin and recycled polyamide 6.6 during thermo-oxidation at 100°C. 

Figure 3.8 shows how the extracted amount of 2-cyclopentyl-cyclopentanone 
decreased during ageing and after 1200 hours only six percent of the original 
amount of 2-cyclopentyl-cyclopentanone could be extracted from the virgin 
material. Furthermore, the largest amount of 2-cyclopentyl-cyclopentanone was 
extracted from virgin material; approximately 3.5 times more than from three 
times recycled material. Repeated processing of the material reduced the 
amount of 2-cyclopentyl-cyclopentanone that could be extracted from the 
material after the shortest oxidation time of 25 hours. However, the amounts of 
the other cyclopentanones extracted increased due to repeated recycling, as 
shown in Figure 3.9. Hence, it is concluded that 2-cyclopentyl-cyclopentanone 
is formed during polymerisation of polyamide 6.6 and degraded into the lower 
molecular weight cyclopentanones during processing. This explains the 
decrease in 2-cyclopentyl-cyclopentanone and simultaneous increase in the 
other cyclopentanones due to processing. This also in mirrors the previous 
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studies that identified cyclopentanones as degradation products from thermal 
degradation i.e. cyclopentanones are formed from polyamide 6.6 under 
conditions similar to the conditions during processing. 

 
Figure 3.9.Relative peak areas of cyclopentanone derivatives extracted from virgin 

and recycled polyamide 6.6 after 25 hours of ageing at 100°C. 

3.1.2. Accelerated Deterioration of Long-Term Material 
Properties 

The increased susceptibility towards thermo-oxidation due to repeated 
recycling was confirmed also with the more traditional techniques tensile 
testing, Differential Scanning Calorimetry (DSC) and Fourier Transform 
Infrared Spectroscopy (FTIR). In addition, a distinct difference was evident 
between virgin and recycled materials also from visual examination of the 
samples during ageing as the latter were yellowed earlier and more severly. 

 

 
Figure 3.10. Tensile strength of virgin and recycled polyamide 6.6 during ageing at 

100°C. 
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Figure 3.10 shows the tensile strengths of all samples during ageing, 
compared to their initial tensile strengths. During the first one hundred hours of 
oxidation there were no significant differences between the samples i.e. they 
were all unaffected by thermo-oxidation and no influence of repeated 
processing was found. However, after five hundred hours of thermo-oxidation 
all recycled sample showed a marked deterioration in tensile strength whereas 
the virgin material remained unaffected. The magnitude of the decrease in 
tensile strength corresponded well with the number of times the material was 
extruded. After 1200 hours of thermo-oxidation the deterioration in mechanical 
properties was even more pronounced and at this point the three times recycled 
polyamide 6.6 retained only 20 percent of its original tensile strength compared 
to 75 percent for the virgin material. The corresponding percentages for once 
and twice recycled material were 50 and 40 percent, respectively. Hence, after 
five hundred hours of ageing the increase in susceptibility due to repeated 
processing was clearly shown using tensile testing. All samples except the two 
times recycled material showed a small increase in tensile strength at early 
stages of oxidation. This is generally ascribed to formation of small amounts of 
cross-links in the material. Changes in elongation at break and Young’s 
modulus of elasticity were also measured during ageing and were found to 
correspond well with the changes in tensile strength as the recycled materials 
showed more embrittlement and larger reduction in elasticity than the virgin 
material. 

 

 
Figure 3.11. Decrease in melt peak temperature of virgin and recycled polyamide 6.6 

during thermo-oxidation at 100°C. 

DSC showed that the melt peak temperature of polyamide 6.6 decreased due 
to thermo-oxidation as shown in Figure 3.11. It did however not show any 
differences between the different samples until 500 hours of thermo-oxidation 
when the melting peak temperature of virgin and once recycled material was 
found to be somewhat higher than for twice and three times recycled material. 
After 1200 hours of thermo-oxidation the melt peak temperature of once 
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recycled polyamide 6.6 had decreased further and it could not be distinguished 
from the other recycled samples. Repeated recycling of polyamide 6.6 seems 
thus to have little influence on the melting peak temperature of the material. 

FTIR was used to monitor the formation of carbonyl groups on the surfaces 
of the samples during the oxidation. After 1200 hours of oxidation more 
carbonyl groups were found on the surface of the three times recycled material 
than on the other materials, as shown in Figure 3.12. However, approximately 
the same amounts of carbonyl groups were detected on the surfaces of the 
virgin material and the materials recycled once or twice and no significant 
influence of repeated recycling could thus be seen. Measuring the increase in 
carbonyl groups using FTIR is a rather straightforward technique to monitor 
oxidation and is commonly employed in the study of oxidation of e.g. 
polyolefines. However the large numbers of carbonyl groups already present in 
the polyamide backbone makes it difficult to measure the rather small increase 
in carbonyl groups due to oxidation. 

 

 
Figure 3.12. Increase in carbonyl groups on surface of virgin and recycled polyamide 

6.6 during thermo-oxidation at 100°C. 

3.2. Correlation Between Formation of Degradation Products 
and Changes in Tensile Strength 

A good correlation between formation of degradation products and the 
simultaneous reduction in tensile strength during thermo-oxidation was found. 
Figure 3.13 shows the increase in relative amount of the most abundant thermo-
oxidation product, 1-pentyl-2,5-pyrrolidinedione and the simultaneous decrease 
in tensile strength for (a) virgin and (b) once recycled material. From the 
figures it is clear that the largest reduction in tensile strength coincided with the 
largest increase in relative abundance of 1-pentyl-pyrrolididnedione. This was 
particularly prominent for the once recycled material (b). Furthermore, the 
previously discussed increased susceptibility towards thermo-oxidation due to 
repeated processing was also clearly demonstrated. For virgin material the 
changes in both tensile strength and abundance of 1-pentyl-2,5-pyrrolidinedione 
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were relatively modest even after 1200 hours of thermo-oxidation. However for 
the once recycled material the changes were quite large already after 500 hours 
of thermo-oxidation. Also the number and amount of the other thermo-
oxidation products increased simultaneously e.g. in the recycled samples a large 
amount of chain fragments were formed between 100 and 500 hours of 
oxidation, which coincided with the large decrease in mechanical properties. 

 

 
Figure 3.13a. Correlation between formation of 1-pentyl-2,5-pyrrolidinedine and 
simultaneous decrease in tensile strength for virgin polyamide 6.6 during thermo-

oxidation at 100°C. 

 
Figure 3.13b. Correlation between formation of 1-pentyl-2,5-pyrrolidinedine and 
simultaneous decrease in tensile strength for once recycled polyamide 6.6 during 

thermo-oxidation at 100°C. 

3.3. Formation of Long-Term Thermo-Oxidation Degradation 
Products in Polyamide 6.6 

Succinic acid, succinaldehyde and pyrrole are expected to form from photo-
and thermo-oxidative degradation of polyamide 6.6, as described in Scheme 
1.2, but none of these compounds could be found in the present study. It is 
however likely that the identified N-alkylsuccinimides are formed in an 
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aminolysis reaction between succinic acid and free alkylamines, or an 
alkylamine chain end followed by chain scission, according to Scheme 3.1, 
indicating that succinic acid in fact was formed. 

 
Scheme 3.1. Formation of N-butyl-2,5-pyrrolidinedione from succinic acid and 

butylamine. 

No succinaldehyde or pyrrole was found which probably is due to further 
oxidation of succinaldehyde to succinic acid, which also would prevent the 
formation of pyrrole. This is in accordance with earlier studies of thermo-
oxidation of PE in which homologous series of aldehydes could be found after 
short-term thermo-oxidation [72] but not after long-term thermo-oxidation, due 
to further oxidation into carboxylic acids upon prolonged ageing [73]. 
However, no succinic acid was found since it is not extractable using HS-SPME 
without derivatisation. Azepane-2,7-dione can be formed from oxidative 
degradation of polyamide 6.6 by two different mechanisms: The first is a ring-
closure reaction between a free amino chain end and the neighbouring amide-
group in the polyamide chain thus producing azepane-2,7-dione and a free 
alkylamine chain end which can react with succinic acid into a cyclic imide, as 
previously described. In the second mechanism azepane-2,7-dione is formed 
from ring-closure of the adipamide produced as two neighbouring 
hexamethylenediamine units in the polyamide chain are oxidised according to 
Scheme 1.2. Azepane-2,7-dione has also been shown to form from oxidation of 
caprolactam [74, 75]. Our findings of rather large amounts of cyclic imides 
show that multiple oxidation of the aliphatic part, and in particular the 
hexamethylene unit, of the polyamide chain takes place to a large extent. 

Pyridines have previously not been reported as degradation products from 
thermo-oxidation of polyamide 6.6. However, four different pyridines have 
been found after pyrolysis at high temperatures in inert atmosphere of both 
model compounds of polyamide 6.6 and commercial grade polyamide 6.6. The 
pyridines were explained to form by rather complex mechanisms involving 
several reaction steps starting with ring-closure of a cyclopentanone-stabilised 
chain end. 

The chain fragments all have molecular structures that resemble, or can be 
deduced from, the repeating unit of the original polymer chain. In addition, they 
all contain a carbonyl group and were hence most likely formed as a result of 
chain cleavage in the vicinity of the amide group, i.e. the degradation reaction 
took place mainly at the N-vicinal methyl group. 

All extracted cyclopentanones have, as previously mentioned, earlier been 
detected as degradation products after thermal degradation and pyrolysis in an 
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inert atmosphere. These studies also identified 2-methyl-cyclopentanone and 2-
hexyl-cyclopentanone as thermal degradation products of polyamide 6.6. The 
formation of cyclopentanone is believed to proceed through ring-closure of the 
adipic acid unit in the polymer backbone. 

 
3.4. HS-SPME as a Tool to Detect Oxidation-Induced Changes 

The high sensitivity of SPME as an analytical tool was demonstrated, as it 
was able to detect the relatively small oxidation induced changes in virgin 
material already after 100 hours whereas tensile testing required 1200 hours to 
detect any changes. DSC, FTIR and tensile testing are however well-established 
techniques to characterise polymers and they have earlier been applied 
successfully to studies of thermo-oxidative degradation of polyamide 6.6 [51, 
53, 76]. However, in our study only HS-SPME-GC-MS and tensile testing were 
able to differentiate between the samples recycled one, two or three times 
whereas FTIR and DSC measurements did not provide sufficiently clear 
differences.  
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4. CONCLUSIONS 
The short-term properties of unstabilised polyamide 6.6 are only weakly 

affected by in-plant recycling. However, during accelerated ageing in air at 
100°C, the formation of low molecular degradation compounds and 
deterioration in tensile strength is larger for recycled than virgin polyamide 6.6. 
Furthermore, degradation induced changes in material properties occurs earlier 
for recycled than virgin material thus leading to faster deteriorating long-term 
material properties. Hence, in-plant recycling makes polyamide 6.6 more 
susceptible to thermo-oxidation. The largest increase in formation of 
degradation products coincides with the largest drop in tensile strength. 
Compared to polyolefins, the number of degradation products formed during 
thermo-oxidation polyamide 6.6 is low. N-alkyl-succinimides, pyridines, and 
fragments of the polymer chain are formed when polyamide 6.6 is thermo-
oxidised. Of the degradation products, N-alkyl-succinimdes shows the largest 
increase in abundance due to ageing. The structures of the degradation products 
indicate that thermo-oxidation preferentially takes place at the N-vicinal 
methylene group in the polymer repeating unit. Large amounts of 2-
cyclopentyl-cyclopentanone are present in virgin polyamide 6.6 but degraded to 
lower cyclopentanone derivatives during repeated processing. The amounts of 
cyclopentanones decrease during thermo-oxidation and are hence formed 
already during processing or polymerisation. HS-SPME-GC-MS is a sensitive 
tool to monitor thermo-oxidative degradation of polyamide 6.6 as it detected 
degradation induced changes in the product pattern at early stages of ageing 
when the other techniques employed could not yet detect any changes. SPME is 
a versatile technique for characterisation as it clearly could differentiate 
between samples that are reprocessed different number of times.
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