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Abstract 
The extraction and quantitative analysis of low molar mass compounds in polymers is an 
analytical challenge. It is also important from a practical point of view because the low 
molar mass compounds in time will migrate from the polymers into the surrounding 
environment. It is especially important to gain knowledge about the migrating compounds 
in applications such as medical implants, packaging materials and car interiors. The main 
aim of this thesis was to develop headspace solid phase microextraction (HS-SPME) 
methods to meet this challenge. In addition, the work aimed to show the applicability of 
the methods developed in quality control of polymers, degradation studies and assessment 
of polymer durability. 

Factors influencing the extraction of low molar mass compounds from polyamide 6.6 
were studied. Particular attention was paid to the matrix effects and to the establishment 
of headspace equilibrium of 2-cyclopentyl-cyclopentanone in solid polyamide. Hydrogen 
bonding and adsorption of analyte to the polar matrix was observed and found to cause 
exceedingly slow establishment of equilibrium. The adsorption could be eliminated by the 
addition of water, which replaced 2-cyclopentyl-cyclopentanone at the adsorption sites of 
the polyamide and made it possible to measure the 2-cyclopentyl-cyclopentanone content 
in polyamide 6.6 using multiple headspace solid-phase microextraction (MHS-SPME). 

A correlation between the emitted amount of 2-cyclopentyl-cyclopentanone and the 
amount 2-cyclopentyl-cyclopentanone in the material was found. The correlation was 
valid also under non-equilibrium conditions, which allows rapid assessment of the 2-
cyclopentyl-cyclopentanone content in polyamide 6.6 using headspace sampling.  

20 different low molar mass compounds were identified in virgin and recycled 
polyamide 6.6. The compounds could be classified into four groups: cyclic imides, 
pyridines, chain fragments and cyclopentanones. The structures of the degradation 
products imply that the thermo-oxidative degradation starts at the N-vicinal methyl group. 
Larger amounts of degradation products at lower degree of degradation were formed in 
recycled than in virgin polyamide 6.6. Thus, processing increases the susceptibility of 
polyamide 6.6 to thermal oxidation. The total amount of cyclopentanones was reduced 
upon processing and oxidation. Cyclopentanones are thus not thermo-oxidation products 
of polyamide 6.6. N-pentyl-succinimide showed the most significant increase due to 
oxidation and processing. The formation of N-pentyl-succinimide was in correlation with 
the simultaneous changes in tensile strength. The largest increase in N-pentyl-succinimide 
coincided with the largest drop in tensile strength. 
 
Keywords: polymer, polyamide 6.6, volatiles, emissions, degradation, quantitation, solid-
phase microextraction, SPME, headspace, HS, microwave assisted extraction, MAE, gas-
chromatography – mass spectrometry, GC-MS, multiple headspace extraction, oxidation, 
recycling, durability 



 

Svensk sammanfattning 
Extraktion och kvantitativ bestämning av lågmolekylära ämnen i polymerer är en 
analytisk utmaning. Ur praktisk synpunkt är den viktig då ämnena, med tiden, kommer att 
migrera ut från polymererna till den omgivande miljön. Betydelsen av kännedom om 
vilka lågmolekylära ämnen, och i vilka halter, som finns i polymerer är uppenbar när de 
används som t.ex. implantat i kroppen, som förpackningsmaterial eller i bilinteriörer. Det 
huvudsakliga målet med detta arbete var att utveckla metoder baserade på headspace fast-
fas mikroextraktion (HS-SPME) för att möta denna utmaning. Vidare syftade arbetet till 
att visa hur den utvecklade SPME metodiken kan användas till kvalitetskontroll, 
nedbrytningsstudier och uppskattning av polymerers långtidsegenskaper. 

Faktorer som påverkar extraktionen av lågmolekylära ämnen från polyamid 6.6 
undersöktes. Speciellt studerades matriseffekter och inställandet av jämvikt mellan 2-
cyclopentyl-cyclopentanon i fast polyamid 6.6 och i gasfas. Adsorption via vätebindning 
av 2-cyclopentyl-cyclopentanon till den polära polyamiden observerades och befanns 
orsaka lång tid för inställande av jämvikt. Adsorptionen kunde brytas genom tillsats av 
vatten, vilket ersatte 2-cyclopentyl-cyclopentanon i polyamidmatrisen och gjorde det 
möjligt att kvantifiera mängden 2-cyclopentyl-cyclopentanon i polyamid 6.6 med 
multipel headspace fast-fas mikroextraktion (MHS-SPME). 

Ett samband påvisades mellan halten 2-cyclopentyl-cyclopentanon som migrerar från 
polyamid 6.6 och halten 2-cyclopentyl-cyclopentanon i materialet. Detta samband var 
giltigt även vid icke-jämvikt vilket möjliggör snabb uppskattning av halten 2-cyclopentyl-
cyclopentanon i polyamid 6.6 med headspace teknik.  

20 olika lågmolekylära föreningar identifierades med gas kromatografi – mass 
spektrometri (GC-MS) efter HS-SPME från ny och återvunnen polyamid 6.6. 
Föreningarna kunde klassificeras i fyra grupper: cykliska imider, pyridiner, kedjefragment 
och cyclopentanoner. De olika nedbrytningsprodukternas strukturer antydde att den 
termo-oxidativa nedbrytningen främst sker på metylgruppen närmast kvävet i 
polyamidkedjan. Cykliska imider, pyridiner och kedjefragment bildades snabbare och i 
större mängder i återvunnen än ny polyamid. Bearbetning av polyamid 6.6 ökar således 
dess känslighet mot termisk oxidation. Den totala halten cyclopentanoner minskade både 
vid bearbetning och vid oxidation. Cyclopentanoner är således inga oxidationsprodukter 
från polyamid 6.6. Av alla nedbrytningsprodukter var ökningen av N-pentyl-succinimid, 
som funktion av oxidation och återvinning, tydligast. Bildandet av N-pentyl-succinimid 
kunde korreleras till förändringar i draghållfasthet under oxidation Den största ökningen 
av N-pentyl-succinimid sammanföll med den största minskningen i draghållfasthet. 
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1 Purpose of the study 
This thesis concentrates on the analysis of low molar mass compounds in polymers. It is 
strongly focused on headspace (HS) extraction techniques and headspace solid phase 
microextraction (HS-SPME) in particular, although microwave assisted extraction (MAE) 
has also been used for comparison. Plastic products contain many low molar mass 
compounds such as residual monomers, by-products from polymerisation, additives and 
degradation products. Knowledge of the amounts and identities of these compounds is 
important both to the producers and the consumers of plastics. The plastics manufacturing 
and processing industry uses the information for quality control of finished products. For 
the consumers it is important for toxicological and environmental reasons to know the 
identities and quantities of compounds that are released from e.g. plastic packaging, 
furnishing and medical implants. For scientific and engineering purposes it would be 
valuable to be able to assess the remaining life-time of a polymer by measuring the 
content of degradation products. 
 
Analyzing low molar mass compounds in polymers is an analytical challenge. It is 
generally performed by leaching the analytes from the polymers using chemical solvents, 
followed by chromatographic separation and analysis. Leaching often suffers from poor 
selectivity and sensitivity and, thus, also requires time-consuming clean up and pre-
concentration prior to analysis. Solid-phase microextraction is a rapid, sensitive and 
selective solvent-free technique for extracting low molar mass compounds. Although the 
technique was first presented more than ten years ago and has gained wide popularity in 
various areas e.g. environmental analysis, at present it is not widely used in the analysis 
of low molar mass compounds in polymers. This may be due to the general opinion of 
complex development and validation of SPME-methods for analysing volatiles in solid 
matrices, such as polymers.  
 
The aims of the present work were to develop improved SPME methods for the extraction 
of volatiles from polymers and to present new ways of applying volatiles analysis in 
polymer characterisation. The SPME methods developed were used to control polymer 
quality, to study polyamide degradation and in the assessment of polymer durability. To 
achieve this, the following aspects were addressed:  
 

• The influence of interactions between polar low molar mass analytes and polar 
solid matrices on quantitative analysis using HS-SPME 

 
• The development of quantitative methods for analysis of volatiles in solid matrices 

 
• The applicability of non-equilibrium HS-SPME in polymer analysis as a quality 

control tool 
 

• The correlation between formation of volatile degradation products and changes in 
material properties during accelerated ageing as a means of assessing durability 
and long-term properties 

 
• The effect of recycling on the formation of degradation products 

 
• The identification of low molar mass degradation products formed during long-

term thermo-oxidation of virgin and recycled polyamide 6.6 
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Polyamide 6.6 was selected as model polymer for the work. Its strong polarity, high 
melting point and low solubility impose important challenges to the development of an 
extraction method. Thorough knowledge of the influence of matrix properties on the 
quantitative extraction extends the applicability of the method developed to also include 
other types of polymers than polyamide 6.6. In addition, only few of the degradation 
products formed during thermo-oxidation of polyamide 6.6 have been previously 
identified and little is known about the correlation between their formation and the 
simultaneous changes in material properties during ageing. 
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2 Introduction 
A general method for measuring the volatile content of a polymer is to use 
Thermogravimetric Analysis (TGA). This technique monitors the weight loss of a sample 
that is heated to a sufficiently high temperature to volatilise the low molar mass 
compounds present in the polymer. Such a measurement only yields the total volatile 
content and no identification of the volatiles is obtained. Additives and volatiles can also 
be analysed directly in solid polymers using ultraviolet (UV)-, infrared (IR) or nuclear 
magnetic resonance (NMR) spectroscopy. Spectroscopic techniques are more selective 
than TGA for solids analysis and provide structural information about the analyte, but 
suffer from poor selectivity and sensitivity, narrow linear dynamic range and difficulties 
in quantitation due to the unavailability of solid standards [1]. The preferred technique for 
analyzing low molar mass compounds in polymers is to selectively extract the compounds 
of interest from the polymers using heat or chemical solvents, followed by 
chromatographic separation and mass spectrometric detection. This chapter starts with a 
short presentation of the most common techniques for extracting low molar mass 
compounds from polymers, with a strong focus on headspace (HS) and solid phase 
microextraction (SPME) techniques. Some references to other applications than analysis 
of volatiles in polymers are also given, with the aim of highlighting the differences 
between the techniques discussed. The chapter continues with a presentation of 
techniques used for quantitative chromatographic analysis, where multiple headspace 
extraction (MHS) is given particular attention due to its high applicability in the 
quantitation of volatiles in solid matrices. Lastly, the chapter ends with a brief review on 
polyamide 6.6 properties and degradation mechanisms. 
 

2.1 Principles of Extraction of Low Molar Mass Compounds from Polymers 
A short survey of possibilities and limitations of the most commonly used techniques for 
analysis of volatiles in polymers is given below. Special attention is paid to headspace 
techniques. There are many other techniques available for extracting low molar mass 
compounds. However, most of them are beyond the scope of this thesis, and for a good 
overview of common techniques the reader is referred to a recently published book edited 
by Mitra [2].  
 

2.1.1 Solvent Based Extractions 
Low molar mass compounds in polymers can be analysed by dissolving the polymer in a 
suitable solvent, followed by a selective precipitation of the polymer and subsequent gas 
chromatographic separation and identification of the volatiles [3,4]. This procedure 
involves many disadvantages e.g. handling of large volumes of solvent and low 
sensitivity. It is useful only for a limited range of polymers due to the insoluble nature of 
many commonly used polymers. For solvent extractions, the preferred technique is rather 
to put the solid sample in contact with the solvent, without dissolving the polymer. This 
will leach the analytes from the polymer to the solvent and the analyte can be identified 
using e.g. gas- or liquid chromatography. In the most common leaching technique, 
Soxhlet, the migration of analyte from polymer to solvent is aided by high extraction 
temperature [5]. Other leaching techniques use microwaves, microwave assisted 
extraction (MAE) ultrasound (USE) or supercritical fluids (SFE) to facilitate leaching [6-
10]. Solvent extractions are best suited for analytes of medium to high molar mass, such 
as additives and oligomers, as volatiles are easily lost during sample handling. Generally, 
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clean up and concentration are required prior to chromatographic analysis. In addition, the 
solvent peak in the following chromatographic separation may mask the volatile analytes 
that appear at short retention times in the chromatograms. 
 

2.1.2 Headspace Extractions 
Extraction of low molar mass compounds from polymers is preferably made by 
headspace extraction. This means sampling from the headspace above the solid sample 
that is heated in a closed vessel [11]. Headspace extraction does not use any solvents and, 
thus, involves no interfering solvent peak in the chromatographic analysis. The principle 
of headspace extractions is that volatile compounds, in any liquid or solid matrix (both 
referred to as the condensed state), will be present also in the gaseous phase above the 
condensed sample. The analytes are distributed between the gaseous and condensed 
phases according to a thermodynamically controlled equilibrium [12]. The actual mass 
distribution is controlled by the solubility of the analyte in the condensed phase and 
compounds with high solubility will have a high concentration in the condensed phase 
relative to the gaseous phase. On the other hand, for analytes with little solubility in the 
condensed phase, the concentration in the condensed phase will be close to that in the 
gaseous phase, or even smaller. In headspace extractions of volatiles in polymers, the 
mass distribution is mostly determined by the volatility of the analytes, as the solubility of 
low molar mass compounds in polymers is generally low. When a headspace extraction 
method is developed the sensitivity can be optimised by changing either the temperature 
or the ratio between sample and headspace volumes in the sample vial. As a general 
guideline, it can be stated that high headspace sensitivity for analytes with high solubility 
in the condensed phase is obtained using high equilibrium temperature. On the other 
hand, high headspace sensitivity for analytes with low solubility in the condensed phase is 
generally achieved using a large sample volume, i.e. a low headspace to sample volume 
ratio. According to the traditional headspace extraction technique, the sampling from the 
headspace is done either in a static or continuous mode [13]. The static mode uses a 
heated syringe to withdraw an aliquot of the headspace and for high sensitivity much 
attention has to be paid to optimising the equilibrium temperature and sample volume. In 
the continuous mode the sample is continuously flushed with a stream of inert gas that, in 
time, theoretically, removes all the analyte from the sample. Although dynamic headspace 
extraction generally gives a complete recovery of analytes when used for liquid samples, 
the extraction is seldom exhaustive when applied to polymer samples [14-16]. Continuous 
extraction requires less control of extraction parameters; the volume of the extracting gas 
and the extraction temperature being the most important parameters, but it involves other 
significant drawbacks [17]. For example, the high volume of the extracting gas used 
dilutes the analytes and makes it necessary to use a focusing device, such as an adsorption 
or cryofocusing trap, prior to chromatographic analysis [18]. When continuous headspace 
extraction is performed on liquid samples the method is commonly referred to as Purge 
and Trap. The first report on the use of headspace extraction as an introduction technique 
for chromatographic analysis was presented in 1958 [19]. It was followed by a rapid 
development of the headspace technique and the first system for automated 
chromatographic analysis of headspace samples was introduced on to the market in the 
late 1960s. Reports on the applications of headspace extraction followed by gas 
chromatographic separation in polymer analysis such as the determination of ethylene 
oxide in sterilised materials [20] and of residual styrene in poly(styrene-co-α-methyl-
styrene) [21] appeared in the literature in the early 1970s. Today both static and dynamic 
headspace extractions are commonly used for analyzing volatiles in polymers. The 
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American Society for Testing Materials (ASTM International) describes a general 
procedure for the qualitative analysis of volatiles in polymers using static HS [22]. 
 
A more recent extraction technique is Solid Phase Microextraction (SPME), which was 
developed by Arthur and Pawliszyn and first presented in 1990 [23]. In SPME, an 
approximately 1 cm long fused silica fiber coated with a polymeric phase is used for 
extraction. The fiber is mounted for protection in a syringe-like device. Although the 
SPME-technology was originally developed for sampling from aqueous samples by 
immersing the fiber into the sample (direct extraction), its applicability for headspace 
extraction from condensed samples was shown by Zhang and Pawliszyn in 1993 [24]. 
During the extraction the analytes are absorbed or adsorbed by the extracting phase, 
depending on the nature of the coating [25]. After the completed extraction the analytes 
are desorbed in the injector of a gas or liquid chromatograph for further separation and 
identification [26]. The SPME extraction and desorption steps are shown in Figure 1.  
 

 
 
 

Figure 1. SPME from headspace above solid sample and desorption in GC-injector 

 
The selectivity of the extraction and the amount of analyte extracted is determined by the 
partition coefficient (distribution ratio) of the analyte between the sample matrix and the 
fiber coating (direct SPME) or between sample matrix, headspace, and the coating 
material (HS-SPME) [27,28]. Thus, a proper selection of fiber coating is essential for 
successful extraction. In general, polar analytes are best extracted using a polar coating, 
such as polyacrylate or Carbowax, whereas non-polar analytes are best extracted by a 
non-polar coating such as polydimethylsiloxane (PDMS). There are several different 
coatings commercially available that together make the extraction of a wide range of 
analytes possible. In the direct extraction mode, the SPME partitioning resembles liquid-
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liquid extraction and, besides the type of fiber coating used, parameters important for 
optimal recovery are e.g. agitation technique and pH. For headspace SPME, the most 
important parameters are the vial volume, the headspace to sample volume ratio and the 
equilibrium temperature, i.e. similar parameters as in traditional HS [29,30]. Although the 
theoretical treatment of SPME relies on extraction under equilibrium conditions, it is not 
necessary to establish full equilibrium to perform quantitative analysis. It was shown by 
Ai, after rigorously evolving the SPME theory that quantitative data can be obtained from 
both two-and three- phase systems under non-equilibrium conditions [31-33]. This 
expands the use of SPME significantly as many types of samples require an exceedingly 
long time to establish equilibrium. However, when working under non-equilibrium 
conditions, consistent timing is very important as small deviations in extraction time may 
result in large differences in the amount of analyte extracted. 
 
One great advantage of SPME compared to traditional static headspace extraction 
originates from the partitioning coefficient of the SPME extracting phase. When an 
appropriate fiber coating is used, the analyte will favour the coating phase rather than the 
sample matrix, which results in an enrichment of the analyte in the fiber. This gives a 
higher sensitivity for SPME compared to static headspace sampling, which has been 
demonstrated by extracting degradation products from polyethylene [34] and odour-
causing volatile compounds in packaging material [35]. In addition, HS-SPME has been 
shown to be more sensitive than both static and dynamic HS for the extraction of flavour 
compounds in milk [36] and for the extraction of volatiles in a dynamic system [37]. 
There are two standard procedures issued by ASTM International for the analysis of 
volatiles and semi-volatiles in water using SPME [38,39]. 
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2.2 Quantitation in Chromatographic Analysis of Volatiles in Polymers 
Only in rare cases are volatile analytes exhaustively extracted from polymeric samples. 
Examples of exhaustive extractions are headspace extractions of methyl methacrylate 
from polymer latex [40] and acetaldehyde from polyethylene terephtalate [41]. In such 
cases, the amount of analyte in the sample is easily calculated by simple external 
calibration, i.e. from a correlation between the detector response versus the amount of 
analyte introduced to the analytical instrument. However, in most cases the analyte is only 
partially extracted from the sample and if the recovery of the extraction is unknown, 
quantitation fails [42,43]. To find the recovery of an extraction, standards prepared from 
the same matrix as the sample and containing known amounts of analyte are extracted. 
Such standards are easily prepared if the matrix is gaseous or a liquid containing only few 
components. After measuring the recovery of flavour compounds by headspace SPME 
from spiked wine and beer, external calibration was used for quantitation [44-46]. In an 
ASTME procedure, the partitioning of vinyl chloride monomer between poly(vinyl 
chloride) and its headspace at an equilibrium temperature of 90˚C is reported, which 
allows external calibration in the ppm range by headspace extraction [47]. For liquid and 
semi-solid samples containing many interfering compounds, it may not be possible to 
produce standards that accurately reflect the recovery of the analyte from the true 
samples, due to adsorption of the analyte by many, often unidentified, interfering 
compounds. The standard addition technique may provide a solution to this problem. 
Standard addition involves the addition of known quantities of analyte to the sample prior 
to extraction. The amount of analyte in the original sample is obtained by comparing the 
peak area of the analyte in the original sample to the peak area of the analyte in the 
sample with a known amount of added analyte. ASTM describes procedures to quantitate 
residual vinyl chloride monomer in vinyl chloride homo-and co-polymers and 
acrylonitrile monomer in styrene-acrylonitrile co-polymers, respectively, by standard 
addition and HS-GC. As described in the procedures, the polymers are dissolved in 
suitable solvents prior to the addition of known amounts of monomer. These methods 
allow quantitation in the ppm to ppb range [48,49]. Standard addition has been used 
successfully together with HS-SPME to quantitate volatile flavour additives in tobacco 
[50] and environmental pollutants in fish tissue [51]. A well-known problem with the 
technique of standard addition is that when working with strongly adsorptive matrices 
such as soil, native and externally added analytes may not be adsorbed equally strong by 
the sample. This was observed by e.g. Eriksson et al who compared the quantitation of 
aromatic hydrocarbons in soil by HS-SPME to liquid extraction [52]. In polymer analysis, 
the main obstacle to quantitation is however the problem of mixing volatiles with solid 
polymers, as the volatiles will be lost at the high temperatures required to melt the 
polymers. Hence, as spiked standards cannot be prepared, neither external calibration nor 
standard addition is applicable to the quantitation of volatiles in polymers. This often 
limits the extraction of low molar mass compounds from polymers to qualitative rather 
than quantitative measurements.  
 
In industry, the content of volatiles in plastics and other solid samples is routinely 
estimated in order to quality control the products. Due to the previously mentioned 
obstacles to performing quantitative analysis of volatiles in solid samples, a simplified 
HS-GC method is generally used [53]. The total volatile organic content (TVOC) is 
estimated by comparing the sum of all peak areas in the resulting chromatogram to a 
calibration with acetone or toluene as a standard and the TVOC is reported in µgC/g. The 
measurement does not give the absolute volatile content, as it is performed under non-
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equilibrium conditions, and no compensation is made for sample volume, matrix effects 
or differences in volatility between analytes and the standard used. However, the values 
given are associated with threshold values that restrict the use of the materials in certain 
applications. 
 

2.2.1 Multiple Headspace Extraction 
In 1977 Kolb and Pospisil proposed a method for the quantitative analysis of volatiles in 
solid samples [54] using headspace extraction and gas chromatographic detection. The 
method, termed Discontinuous Gas Extraction, is based on stepwise gas extraction, 
followed by a subsequent analysis of the extracted volatiles. The method theoretically 
calculates the total amount of analyte in a solid sample after only a few successive 
extractions and makes the quantitation of volatile analytes in solid matrices possible. The 
proposed method was validated by measuring the styrene content in polystyrene by 
Discontinuous Gas Extraction and according to a procedure proposed by Rohrschneider, 
in which the polystyrene is dissolved in DMF and a quantitative analysis is possible [55]. 
The two methods were in good agreement, which supported the validity of the 
Discontinuous Gas Extraction. Kolb and Pospisil later elaborated the theoretical treatment 
of the Discontinuous Gas Extraction and in 1981 the method was presented as Multiple 
Headspace Extraction (MHE) [56]. The principle of the MHE procedure is based on 
stepwise gas extractions at equal time intervals. When a portion of the headspace is 
removed in the first extraction, the equilibrium between the analyte in the condensed 
sample and the headspace is disturbed. As the sample is allowed to re-equilibrate, the 
analyte will migrate from the condensed phase into the headspace until the same ratio 
between the concentrations in the two phases as in the first extraction is obtained. The 
concentrations in the two phases will now be smaller than in the first extraction. A second 
analysis will thus result in a smaller peak and by continuing this procedure it is possible 
to strip off all the volatiles from the sample. If carried out ad infinitum, the various peak 
areas are summed up to get the total peak area, which corresponds to the total amount of 
the analyte in the sample. The influence of sample matrix is thus eliminated by exhaustive 
extraction. As the MHE procedure strictly follows a logarithmic function it is not required 
that the extractions are carried out until all the analyte is removed from the condensed 
sample. Instead, the logarithms of the various area values from the consecutive analyses 
are plotted versus the number of analyses in a linear scale and the total area value is 
obtained by regression calculation from the areas obtained in only a few extraction steps 
[57]. The theoretical derivation of MHE is based on the following: In a continuous gas 
extraction, the decrease in analyte will be exponential and the change in concentration (C) 
with time (t) is described by the following first-order equation: 
 

Cq
dt
dC ⋅=−         [1] 

 
where q is a constant. The concentration at a given time (Ci) depends on the initial 
concentration (C0) and can be described by the following equation: 
 

tq
i eCC ⋅−⋅= 0         [2] 

 
If a stepwise process of equal time intervals replaces the continuous extraction, the 
sequential number of the extraction step can replace the time t. As the concentration is 
proportional to the peak area, the respective peak areas can replace C0 and Ci. The first 
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extraction (i = 1) takes place at t = 0; therefore, if n extractions are carried out, t = n-1. 
The constant q is replaced by q´ to show that besides it being only a purely mathematical 
constant, it also contains instrumental parameters. Equation [2] can thus be written as: 
 

( )1
1

´ −−⋅= iq
i eAA         [3] 

 
The total amount of a volatile analyte in a sample can be calculated from the sum of all 
partial peak areas, obtained in a series of chromatograms: 
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This is a converging geometrical progression and the sum can be derived as follows: 
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This means that the sum of all peaks can be calculated from two values: the peak area 
obtained in the first extraction, A1 and the exponent q´. The exponent q´ describes the 
exponential decline of the peak areas during the stepwise MHE procedure and can thus be 
derived by Equation [3] from the area ratio, Q, of the consecutive peaks: 
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To obtain q´, Equation [3] is written in the following form: 
 

1ln)1´(ln AiqAi +−−=        [8] 
 
This is a linear equation of the y = ax + b type, where x = (i-1), y = lnAi; the slope (a) is –
q´ and the y-intercept (b) is lnA1. The conclusion of this derivation is that in MHE, a few 
consecutive measurements and the linear regression analysis of the data according to 
Equation [8] [lnAi vs. (i-1)] gives the value of q´. From this value and the peak area 
obtained in the first extraction (A1), the sum of all peak areas corresponding to the total 
amount of analyte present in the sample can be calculated using Equation [6]. Although 
the MHE method, when first proposed, was received with some scepticism, most 
critically by Venema [58,59], later through a thorough theoretical treatment by Kolb and 
Ettre [60] it was shown to be valid. 
 
Ezquerro et al. have used multiple headspace SPME to quantitate volatile odour-causing 
compounds in packaging materials. They initially noticed that external calibration and 
standard addition could not be applied due to different recoveries of spiked and native 
analytes [61]. Instead, multiple headspace SPME was evaluated for quantitation and was 
found useful for most of the analytes of interest [62-64]. Multiple headspace extraction 
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has also been applied successfully to quantitate volatile halocarbon compounds in butter 
[65]. The method was in good agreement with the amounts obtained by standard addition. 
MHE was however favoured due to its superior reproducibility. 
 

2.2.2 Limitations on Multiple Headspace Extraction by Polar Solid Matrices 
A problem may arise in quantitation by MHE when both the analyte and the solid sample 
are polar. In this case the system under investigation is referred to as an adsorption 
system, due to the adsorption of analyte by the sample matrix [66]. Systems that are free 
from analyte adsorption are designated partitioning systems. Only solid samples can form 
adsorption systems, whereas liquid samples always form partitioning systems. The 
presence of adsorptive forces manifests itself in the graph of logarithms of peak areas 
versus the number of successive extractions, i.e. in plots according to Equation [8]. If the 
analysed system is an adsorption system there will be no exponential decrease in peak 
area throughout the successive extractions. Thus, in the regression plot there will be a 
non-linear relationship between the logarithms of peak areas versus the number of 
extraction steps. If adsorption is identified, the system can be transferred from an 
adsorption system into a partitioning system by adding a compound with higher affinity 
towards the adsorbing sites in the matrix than the analyte of interest. Such a compound is 
referred to as a displacer or modifier. Adsorption of analytes is a well-known problem 
when extracting environmental pollutants from soil. Cyclohexanone could be 
quantitatively analysed in soil using multiple headspace extraction and water as displacer 
[67]. The addition of water increased the recovery dramatically, from 4% to 99.4%, as 
determined from spiked samples. Also, BTEX (benzene, toluene, ethylbenzene and 
xylene isomers) in soil could be analysed quantitatively using multiple headspace SPME 
[68] when water was added to the sample. Measurements of the BTEX content in a 
certified reference sample showed the excellent accuracy of the MHS-SPME method. 
Water is a good displacer and has also been used in the headspace extraction of aldehydes 
from cardboard [69]. When static headspace extraction was used, the extracted amount of 
hexanal increased six times, clearly showing the higher affinity of the polar adsorption 
sites of the matrix towards water than towards hexanal [70]. The addition of water also 
allowed the quantitation of pentanal in cardboard using multiple headspace extraction 
[71].  
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2.3 Polyamide 6.6 
The present thesis deals with the extraction of volatiles from polyamide 6.6. It also 
presents the analysis of volatiles as a tool in polymer quality control, degradation studies 
and durability assessment. Below is a brief review on polyamide 6.6 properties and a 
presentation of its degradation mechanisms.  
 

2.3.1 Properties 
Polyamides are strong polymers that are suitable for use in engineering applications or as 
fibers. PA6.6 is often used in 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 applications e.g. as fibers in textiles or carpets and as films for packaging of 
foods. The melting point of PA6.6 is 265˚C and its degree of crystallinity is 
approximately 50% [72]. In the year of 2002 polyamides represented approximately 4% 
of the total consumption of thermoplastics in Western Europe [73]. 
 

2.3.2 Degradation Mechanisms 
Yellowing of nylon upon exposure to heat and sunlight is often observed and has initiated 
many studies on chemical degradation of polyamides. The majority of the previous 
studies have focused on thermal degradation, whereas only a few are concerned with 
photo- and thermo-oxidative degradation [74,75]. 
 
In the late 1950s Sharkey and Mochel studied the photo-oxidative degradation of model 
compounds of aliphatic polyamides [76]. 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. 
 

 
 
 

Scheme 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-oxidised polyamide model 
compounds using UV-absorption spectroscopy and titration techniques [77]. They 
concurred with the opinion of Sharkey and Mochel that photo-oxidative degradation starts 
by an oxygen attack at the N-vicinal methylene group and presented the mechanism, as 
shown in Scheme 2, for photo-oxidative degradation of hexamethylenediamine-based 
polyamides resulting in the 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-oxidized. 
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Scheme 2. Formation of succinic acid, 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 the thermo-oxidation of 
PA6 [78]. From the chromatographic identification of the degradation products they 
concluded that thermo-oxidative degradation is also initiated by hydrogen abstraction 
from the methyl-group adjacent to the nitrogen atom and propagates by the oxidation of 
the macroradical formed. 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 [79,80]. Some years later Karstens and Rossbach reviewed the literature 
on polyamide 6.6 oxidative degradation and presented a detailed degradation scheme 
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starting with oxygen attack at the N-vicinal methylene group, as presented in Scheme 3 
[81,82]. 
 

 
 

Scheme 3. Thermo-oxidation route according to Karstens and Rossbach 

 
This basic mechanism is now accepted by many researchers in the field on polyamide 
degradation [83-90]. In recent studies performed by Matsui et al. using Resonance Raman 
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spectroscopy of a polyamide 6.6 model compound photo-oxidised under 16O2, 18N2 and 
N2 an enal was identified as a primary degradation product [83,84]. The enal was 
proposed to be formed from oxidative degradation at the N-vicinal methylene giving 
further evidence for the similarity between thermo-and photo-oxidative degradation. No 
evidence for any further oxidation of the enal to a carboxylic acid could be found, 
probably due to the low temperature used for the experiment. 
 
Also physical factors are important for the degradation rate of aliphatic polyamides. For 
example, the oxidative stability of PA4.6 is higher than that of PA6.6, which was 
concluded by Gijsman et al. to be due to the higher crystallinity and/or density of the 
amorphous phase of PA4.6 leading to lower permeability of oxygen and hence higher 
oxidative stability [91]. Also other authors have observed the diffusion-controlled nature 
of polyamide 6.6 thermo-oxidation [92,93]. 
 
Most studies previously performed on photo- and thermo-oxidation of polyamide 6.6 
identified the formation of chromophores in the polyamide chain by spectroscopic 
techniques, giving quite an uncertain identification of the formed low molar mass 
degradation products. Out of the previous studies on photo- and thermo-oxidation, only 
one employed chromatographic analysis, and then identified valeraldehyde, 
butyraldehyde, propionaldehyde, acetaldehyde, valeric acid, hexanoic acid and 
hexanamide as degradation products [76].  
 
Already in 1951, Achahammer at al. studied the thermal degradation of polyamide, but 
then in the form of mixtures of PA6 and PA6.6 [94]. Carbon dioxide was detected as the 
major degradation product, closely followed by water and cyclopentanone. Two 
degradation mechanisms were proposed to be 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 terminated chain end giving cyclopentanone and carbon dioxide as volatile 
products. In both mechanisms the formation of cyclopentanone was attributed to the 
adipic acid part 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 ends. 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 [95,96]. Among the degradation products detected by 
Goodman was a pyridine derivative. Pyridines were later observed after the thermal 
degradation of polyamide 6.6 also by Peebles and Huffman [97]. 
 
Several authors have studied the thermal degradation products of polyamide 6.6 [98-104]. 
Several degradation products, e.g. cyclopentanone, cyclopentanone derivatives where the 
derivative in the 2-position was a methyl-, ethyl-, hexyl- or cyclopentyl-group, lactams, 
imides, nitriles, polynuclear hydrocarbons (PAH) and their nitrogen containing 
derivatives (N-PAH) and pyridines were identified. Some 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 fails to explain the formation of several of the degradation 
products detected and was proven erroneous by Montaudo and co-workers. 
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Giorgio Montaudo has contributed greatly to the knowledge about the thermal 
degradation of polyamides. In 1986 Montaudo et al. identified the thermal decomposition 
products from aliphatic-aromatic polyamides derived from succinic or adipic acid and 
from aromatic diamines after pyrolysis at 700˚C [105]. 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. It was proposed that polyamides with succinic 
units decompose via a hydrogen transfer process with the formation of amine and 
succinimide 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 the pyrolysis of adipic acid based polyamides. These compounds were concluded to 
be secondary thermal fragments formed by a hydrogen transfer to the α-carbon of the keto 
amide compound formed in the initial stage of degradation. Several following papers 
from Montaudos group 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 4 [106-109]. 
 

 

 
 

Scheme 4. Thermal degradation of adipic acid containing polyamides according to Montaudo 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 
[110]. 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 polymerization process in order to predict e.g. molecular weight, amount of 
degraded and un-degraded chain ends and extent of crosslinking. The predictions of the 
model concurred fairly well with experimental data but also showed that the thermal 
degradation is more complex than described by the model and does not only involve the 
chain ends. 
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2.3.3 Durability 
The durability of polyamide 6.6 is closely linked to its thermal history. It has been shown 
that repeated injection moulding and the addition of glass-fibers reduce the oxidative 
stability of polyamide 6.6 [111]. In addition, the short-term mechanical performance of 
glass-fiber reinforced polyamide 6.6 was found to decrease by approximately 10% due to 
grinding and reprocessing [112]. Reprocessing was found to have a negligible effect on 
both the polyamide 6.6 matrix and the fiber matrix interface and the reduced mechanical 
properties were thus attributed to the approximately 20% process induced fiber shortening 
of the glass-fibers. However, it has been shown that polyamide 6.6 can be reprocessed 
with insignificant deterioration of the short-term mechanical properties if the regrind is 
compounded with at least 70% virgin material [113]. Although the short-term properties 
are only little affected by repeated processing, larger effects may be observed with respect 
to long-term properties. During the thermo-oxidative ageing of un-reinforced and glass-
fiber reinforced recycled polyamide 6.6, faster increase in carbonyl index and 
simultaneous decreases in melting peak temperature and elongation at break were 
observed for reprocessed rather than virgin samples [114,115]. When a regrind level of 
only 25% was used in the samples, no significant influence on the long-term properties 
could be detected and the deterioration rate was similar to that of virgin samples [116]. It 
is hence concluded that recycled polyamide 6.6 experiences higher degradation rates 
during service life than virgin polyamide 6.6 and that the durability thus is strongly 
influenced by the thermal history.  
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3 Experimental 
 

3.1 Material 
Six different polyamide 6.6 grades were used: unstabilised but lubricated Zytel 101L from 
DuPont (Stockholm, Sweden), unstabilised laboratory grade polyamide from Sigma-
Aldrich (Aldrich Chemicals, Milwaukee, WI, USA), unstabilised industrial grade 
polyamide Domamid 33ABH from Domo (Leuna, Germany), recovered in-plant 
polyamide waste collected from processing plants in Sweden, a commercial 30 wt% 
glass-fiber reinforced grade containing 47% of the recovered waste and 20% of the 
industrial grade polyamide and lastly, in-plant collected scrap from various processing 
plants in Europe. The commercial compound also contained some additives. The six 
materials will hereafter be designated Zytel, Aldrich, Base, Recovered, Compound and 
Scrap respectively. The Base, Recovered and Compound materials were most generously 
supplied by Polykemi (Ystad, Sweden), a major Swedish producer of plastic compounds. 
 

3.2 Processing 
For the studies of long-term thermo-oxidation of virgin and recycled polyamide, the Zytel 
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 h at 90°C 
in a Piovan granulate dryer (Venezia, Italy). 
 
For the quantitative studies polyamide 6.6 granules, of all materials but the Scrap, were 
milled into a fine powder using a Retsch (Hann, Germany) ZM1 centrifugal mill with a 
screen of 1.0 mm diameter holes. Prior to milling, the polymer granules were immersed in 
liquid nitrogen for 10 min to prevent any melting of the polymers and loss of analyte due 
to the heat evolved during milling. Additional liquid nitrogen was dripped into the mill 
during the milling. 
 
When received, the Scrap material was re-extruded and granulated using an Axon 
(Nyväng, Sweden) extruder and the Moretto mill. The granulates were compression 
moulded into 100 x 100 mm x 80 µm films using a Schwabenthan Polystat 400 S hot-
plate press. During the compression moulding the temperature of the plates was 285˚C 
and the pressure was 0 bar for 1 min, 20 bar for 2 min and 50 bar for 2 min. 
 

3.3 Thermo-Oxidation 
Samples for the extraction of degradation products were cut out from the extruded Zytel 
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 PTFE-silicone rubber septum caps from Perkin Elmer (Wellesley, MA, USA). 
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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 oxidized at 100 
± 2°C for 25, 100, 500 and 1200 h, respectively. Tensile testing, DSC and FTIR 
measurements were also performed after 5 h. 
 

3.4 Extractions 
HS and HS-SPME extractions for semi-quantitative and quantitative analysis were 
performed from samples enclosed in 20 ml clear glass vials (Supelco, Bellafonte, PA, 
USA) sealed with magnetic silicone/PTFE crimp caps (Varian, Lake Forest, CA, USA). 
Samples were equilibrated and extracted in the autosampler agitator with the agitator 
working in cycles of 5 seconds with agitation at 500 rpm followed by two seconds 
without agitation. For the extractions of degradation products from virgin and recycled 
thermo-oxidised Zytel strips, HS-SPME was performed manually with the entire fiber and 
sample heated inside a circulating air oven. 
 

3.4.1 Headspace-Solid-Phase Microextraction (HS-SPME) 
For semi-quantitative and quantitative analysis, 10 to 100 mg powdered samples were 
used for HS-SPME. The amounts used for the different samples were adjusted to give 
approximately equal peak areas, within the linear range of the SPME-fiber, for all 
samples. For the extractions of thermo-oxidation products, 2.0 g of extruded strips were 
used. Screening for brominated compounds in the Scrap material was made from 1.00 g 
of 10 x 10 mm pieces cut from the compression moulded films. The fibers were exposed 
to the headspace approximately 6 cm above the polyamide 6.6 samples, both when 
automatic and manual extractions were performed. After the completed extraction the 
SPME fiber was allowed to desorb the extracted analytes for 5 min in the injector of the 
GC-MS. Blanks were run between some of the samples and no carry-over between 
samples could be observed. The external calibration solutions used contained 0.96, 9.6, 
28.8, 48.0, 72.0 and 96.0 ng 2-cyclopentyl-cyclopentanone/µl MeOH. To construct the 
calibration-curve 1 ul of each standard solution was extracted under conditions identical 
to the conditions used to extract the samples. As the sample volumes were only 0.1 – 1.0 
% of the vial volume no compensation for reduced headspace volume using e.g. inert 
glass beads was made. All standards were analysed three times and all the samples were 
analysed four times.  
 
To monitor changes in the 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. 
Chromatography-grade water from Merck (Darmstadt, Germany) was used as displacer 
for MHS-SPME. 
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3.4.2 Headspace (HS) 
2.000 g of granules and 1.000 g of powder were equilibrated at 120°C or 80°C in closed 
vials. After the equilibrium time 500 µl of the gaseous phase was removed from the 
headspace above the polyamide 6.6 by a 2.5 ml gastight syringe heated to the same 
temperature as the sample and then injected into the GC-MS. The syringe was flushed 
three times with the sample prior to injection and cleaned between extractions by flushing 
it for 20 seconds with helium. The five calibration solutions of 2-cyclopentyl-
cyclopentanone in methanol used for the preparation of calibration curves were of 
concentrations 0.1, 0.5, 1.0, 5.0 and 10.0 µg/µl, respectively. 1 µl of each calibration 
solution was extracted under conditions identical to the extraction of samples to construct 
the calibration-curve. No compensation was made for the differences in headspace 
volume between vials containing samples and standard-solutions. Standards were 
analysed three times and samples four times. The headspace sampling was performed in 
accordance with a procedure commonly employed by the plastics compounding industry 
for the estimation of TVOC in polymers. 
 

3.4.3 Microwave Assisted Extraction (MAE) 
A MES 1000 microwave extraction system from CEM (Matthews, NC, USA) was used to 
extract 2-cyclopentyl-cyclopentanone from the different polyamide 6.6 samples. 1.000 g 
of powdered polyamide 6.6 was placed in a lined extraction vessel and 10 ml MeOH 
containing 5 µg cyclohexanone was added to the vessel. Cyclohexanone was used as 
internal standard to compensate for possible losses of analyte during the extraction and 
handling. For each material four samples were extracted simultaneously. The samples 
were heated from the ambient temperature to 90°C in 10 min. After the completed 
extraction the samples were allowed to cool to room temperature and the extract was then 
filtered through 0.45 µm Cameo PTFE-filters (GE Waters Technologies, Trevose, PA, 
USA) into 2 ml screw top vials (Supelco, Bellafonte, PA, USA). Pre-concentration was 
not necessary and the samples were analysed directly by GC-MS in the splitless mode 
without any further preparation. Quantitation was done by constructing calibration curves 
at seven concentration levels: 1.01, 10.1, 101.0, 505.0, 1010.0, 1520.0 and 2020.0 pg/µl. 
Each standard solution contained 0.5 ng cyclohexanone per microliter and was analysed 
in triplicate. 
 

3.5 Gas Chromatography – Mass Spectrometry (GC-MS) 
Chromatographic separation and mass spectrometric detection was performed using a 
ThermoFinnigan (San José, CA, USA) GCQ GC-MS system. A Gerstel (Mülheim and der 
Ruhr, Germany) MPS2 autosampler was used for HS-sampling, HS-SPME and injection 
of extracts from MAE. For all experiments but MHS-SPME, the GC was equipped with a 
30 m WCOT Varian (Lake Forest, CA, USA) CP-Sil 8 column with 0.25 mm inner 
diameter and a 0.25 µm thick stationary phase. For the MHS-SPME measurements a 30 m 
WCOT Varian CP-Wax 52 CB column with 0.25 mm inner diameter and a 0.25 µm thick 
stationary phase was used. The 2-cyclopentyl-cyclopentanone peaks showed good peak 
symmetry using both columns. For the semi-quantitative and quantitative studies of 2-
cyclopentyl-cyclopentanone, the GC was programmed to start at 40°C, keep the 
temperature for 1 min and then increase the temperature by 10°C/min to 180°C. This 
temperature was held for 1 min and lastly all high boiling compounds were eluted by 
heating the column to 270°C at 30°C/min and keeping it at 270°C for 15 min. For the 
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separation of extracted long-term thermo-oxidation products and identification of 
brominated aromatics the GC started isothermally at 40˚ for one minute, after which the 
temperature was increased to 250˚ with a heating rate of 10˚C/min. The temperature was 
maintained at 250˚C for 10 min. Helium of 99.9999% purity from AGA (Stockholm, 
Sweden) was used as a carrier gas at a constant average linear velocity of 40 cm/s 
maintained by the Electronic Pressure Control (EPC) of the GC. The temperature of the 
injector was 250°C when semi-quantitative and quantitative analyses were performed and 
220°C when thermo-oxidation products were analysed. The injector operated in splitless 
mode when SPME and MAE samples were analysed. A split ratio of 1:100 (118 ml/min 
split flow) was applied for HS-sampling. A narrow bore liner with 2 mm inner diameter 
was used for SPME and HS-samples whereas a 4 mm inner diameter liner was used for 
liquid injections from MAE samples. The temperatures of the transfer line and ion source 
were 275°C and 180°C, respectively. The mass spectrometer scanned in the range of 35-
400 m/z with a scan time of 0.43 seconds in the electron ionisation mode (EI). Some 
samples were also run in chemical ionization (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 comparing 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 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 N-alkyl substituted cyclic imides could 
be identified also from literature mass spectrums [117-120]. Data was evaluated using the 
Xcalibur 1.2 software. In extractions from the Compound 2-cyclopentyl-cyclopentanone 
co-eluted with another product and quantitation was made from Reconstructed Ion 
Chromatograms (RIC) plotting the 2-cyclopentyl-cyclopentanone base peak of m/z = 84. 
For all the other materials the peak areas were calculated by integrating the Total Ion 
Current (TIC). 
 

3.6 Tensile Testing 
Tensile properties were measured on an Instron Series IX tensile testing instrument 
(Bristol, UK) using a 100 N load cell. 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. 
 

3.7 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 in a 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 
min 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 min and then cooled to 25°C at 10°C/min. The cycle of heating 
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and cooling was then repeated. The melt peak temperatures from the second heating cycle 
were used in the study. 
 

3.8 Fourier Transform Infrared Spectroscopy (FTIR) 
During oxidation different carbonyl groups are formed in the polyamide chain. The 
formation of these groups was measured using a Perkin-Elmer (Wellesley, USA) Infrared 
Fourier Transform Spectrometer with a 4 × beam condensor. The instrument scanned in 
the range 4000 – 600 cm-1 and was equipped with a micro ATR holder and a KRS-5 
prism with an incident angle of 45° giving a maximum sampling depth of 2.8 µm. Each 
spectrum was based on 40 individual spectrums. 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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4 Results and Discussion 
This chapter discusses the development of HS-SPME methods and presents new ways to 
apply volatiles analysis in polymer characterisation. First, some parameters important for 
the development of SPME techniques are discussed. Later, applications of HS-SPME in 
polymer quality control, durability assessment and degradation studies are presented. 
 

4.1 Development of HS-SPME Methods for Extraction of Volatiles from 
Polyamide 6.6 
Results obtained by SPME can only be correctly interpreted if the conditions of extraction 
are known and fundamentally comprehended. Many factors affect the SPME and are 
important for successful extraction, particularly in quantitative analysis. The present work 
concentrates on the selection of fibre coating, the establishment of a linear range of the 
SPME fibre and the effect of extraction time and temperature on the establishment of 
headspace equilibrium. These are the most important parameters when extracting from 
solid matrices, whereas also e.g. stirring, pH, salt concentration and headspace to sample 
volume ratio are important when performing HS-SPME from liquid matrices. 
 

4.1.1 Fiber Coating 
Proper selection of fiber coating is essential to obtain good sensitivity by SMPE. Initially, 
three different coating materials were evaluated for the extraction of polyamide 6.6 
thermo-oxidation degradation products. The tested fibers were 65 µm 
polydimethylsiloxane-divinylbenzene (PDMS/DVB), 65 µm carbowax/divinylbenzene 
(CW/DVB) and 85 µm polyacrylate (PA). It is expected that mainly polar degradation 
products are formed during the thermo-oxidation of polyamide 6.6 and the fibers were 
chosen due to their suitability for extracting volatile to semi-volatile polar compounds, as 
described by the manufacturer of the fibers. To test the performance of the fibres, 
degradation products formed during 100 h of thermo-oxidation of 2.00 g polyamide 6.6 
strips were extracted for 30 min at 80˚C. The PDSM/DVB fiber extracted more 
compounds and in larger quantities than the other fibers and was chosen for the 
extractions of polyamide 6.6 degradation products.  
 
For the quantitation studies, 2-cyclopentyl-cyclopentanone was selected as a target 
analyte. This compound was found in large amounts in extractions using all the three fiber 
coatings. It has also previously been identified as the most abundant low molar mass 
compound in polyamide 6.6 [121-124]. Five different fibers were evaluated for the 
extraction of 2-cyclopentyl-cyclopentanone. Figure 2 shows the relative peak areas after 
triplicate extractions from 100 ng 2-cyclopentyl-cyclopentanone for each type of fiber.  
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Figure 2. Relative peak areas and standard deviations after triplicate extractions from 100 ng 2-
cyclopentyl-cyclopentanone. Extraction was 30 min at 80˚C. PA: polyacrylate; PDMS: 

polydimethylsiloxane; CW/DVB: carbowax/divinylbenzene; PDMS/DVB: 
polydimethylsiloxane/divinylbenzene, CAR/PDMS: carboxen/polydimethylsiloxane 

 
The extraction time was 30 min at 80°C. The CAR/PDMS-fiber showed the highest 
recovery, but it also showed the lowest repeatability, with a relative standard deviation 
(RSD) of 18%. In addition, the 2-cyclopentyl-cyclopentanone peak showed excessive 
tailing when extracted with the CAR/PDMS-fiber. The peak symmetry could not be 
improved by increasing the injector temperature as tailing was still observed at injector 
temperatures of 270°C and 300°C. The PDMS/DVB fiber showed excellent RSD of 3% 
and the second best recovery, i.e. 80% of the CAR/PDMS recovery. It also gave good 
peak symmetry even at an injector temperature of 220°C. Thus, it was decided to use the 
PDMS/DVB fiber also for the quantitation studies. 
 

4.1.2 Linear Range of PDMS/DVB fiber 
For any quantitative or semi-quantitative analysis using SPME it is essential to work 
within the linear dynamic range of the SPME fiber. If the linear dynamic range is 
exceeded, the extracted amount of analyte will not reflect the amount of analyte in the 
sample. Figure 3 shows the normalised peak areas for the extractions from 1 to 1000 mg 
of powdered polyamide 6.6 (Zytel).  
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Figure 3. The 45 min extractions of 2-cyclopentyl-cyclopentanone from 1 to 1000 mg polyamide 
6.6 at 80˚C using a PDMS/DVB fibre. The dynamic range was linear when the sample size was 

between 1 and 100 mg 

 
The extraction time and temperature were 45 min and 80°C. The figure shows that under 
the given conditions, the dynamic range of the PDMS/DVB fiber is linear for the 
extractions from 1 to 100 mg of Zytel. The correlation coefficient was 0.9977. For the 
quantitation studies, it was decided to use 75 mg of sample for the extraction of 2-
cyclopentyl-cyclopentanone from Zytel at 80°C, as this gave a clear peak in the 
chromatograms and was within the linear dynamic range of the fiber. To make sure that 
the linear dynamic range of the fiber was never exceeded, the peak area after a 45 min 
extraction from 75 mg Zytel at 80°C was used as a reference. The amount of all the other 
samples was adjusted to obtain initial peak areas close to the reference peak area. 
 

4.1.3 Establishment of Equilibrium 
Establishment of equilibrium is not required for quantitative analysis using SPME. 
However, consistent timing is highly important if the extraction is stopped before 
equilibrium is attained, as small deviations in extraction time may generate large 
differences in the extracted amount. When extractions are carried out in headspace mode, 
the partitioning between analyte in the condensed phase and its headspace is generally 
slower than the partitioning between the analyte in the headspace and the fiber coating. 
The partitioning of pure 2-cyclopentyl-cyclopentanone, i.e. in the absence of a polyamide 
matrix, was studied by extracting 10 ng 2-cyclopentyl-cyclopentanone for 10 to 60 min at 
80˚C. The extraction profile is shown in Figure 4 and it clearly shows that when 
extracting 2-cyclopentyl-cyclopentanone in the absence of sample matrix at 80°C, optimal 
recovery is found after 20 min of extraction.  
 

 



Results and Discussion 

 - 34 -

 
Figure 4. Extraction profile after triplicate extractions of 10 ng 2-cyclopentyl-cyclopentanone in 1 
µl methanol. A PDMS/DVB fibre was used for extractions and the extraction time was varied from 

5 to 60 min at 80˚C  

 
It should however be noticed that the recovery decreases upon prolonged heating. 
Headspace equilibrium is usually established in less than 30 min and the drop in recovery 
on prolonged heating is probably due to the warming up of the SPME fiber, which is 
known to reduce the amount of analyte extracted. The standard deviation is rather large at 
the optimal recovery but it decreases at extraction times over 30 min. The large standard 
deviation is explained by changing fiber temperature due to warming up of the fiber 
during the first 30 min of extraction. 
 
The time required for reaching equilibrium between 2-cyclopentyl-cyclopentanone in 
powdered samples and in the headspace was studied by incubating 25 mg of powdered 
Zytel at 80°C for 0 to 44 h followed by extraction for 30 min. The extraction profile is 
shown in Figure 5 and it clearly shows that equilibrium is found after 12 h of incubation 
at 80°C. The long time required for reaching the equilibrium is most likely caused by 
strong hydrogen bonding between the analyte and the polymer matrix. The high degree of 
crystallinity (approximately 50%) in polyamide 6.6 may also contribute to the slow 
diffusion rate. This long equilibrium time reflects the need for rapid methods to estimate 
the volatile content under non-equilibrium conditions.  
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Figure 5. Recovery profile after extraction from 25 mg powdered Zytel. Extraction time was 30 

min at 80˚C. The samples were incubated at 80˚C for 0-44 h prior to extraction 

 
In addition to the real equilibrium reached after 12 h of incubation, two equilibrium-like 
states were observed during the first 60 min of extraction. The extraction profiles of 2-
cyclopentyl-cyclopentanone from powdered Zytel during 60 min of extraction at 50°C 
and 80°C are shown in Figure 6a.  
 

 

 
Figure 6a. Extraction profile after triplicate extractions from 1.00 g powdered Zytel at 80˚C and 

50˚C using a PDMS/DVB fibre. Extraction time was varied from 5 to 60 min 

 
At both temperatures the recovery increased dramatically after 30-40 min of extraction. 
When extracting at 80°C, the extraction profile flattens out after 40 min and the recovery 
does not vary with extraction time, i.e. the extraction seems to have reached equilibrium. 
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Figure 6b shows the extraction profile at the two temperatures within the first 30 min of 
extraction.  
 

 

 
Figure 6b Extraction profile after triplicate extractions from 1.00 g powdered Zytel at 80˚C and 

50˚C using a PDMS/DVB fibre. Extraction time was varied from 5 to 30 min 

 
As can be seen from the figure, equilibrium-like conditions were reached also after 20 
min at 80°C and after 30 min at 50°C. It is proposed that the equilibrium-like shape of the 
extraction profile, found during the first 30 min of extraction, represents the equilibrium 
between the readily available “free” 2-cyclopentyl-cyclopentanone on the surface of the 
polyamide 6.6 powder, the headspace and the SPME-fiber. The second equilibrium-like 
state probably represents equilibrium for the 2-cyclopentyl-cyclopentanone originally 
present inside the polyamide 6.6 powder, at a close distance to the outer surface. For the 
quantitative and semi-quantitative studies 45 min at 80°C was chosen as the optimum 
extraction time as the recovery then was adequate and the extractions showed good 
reproducibility. For the monitoring of polyamide 6.6 thermo-oxidation products 30 min at 
80˚C was chosen for extraction, as the thermo-oxidation products primarily are present on 
the surface of the material.  
 
Figures 4, 6a and 6b show that the recovery decreases if the extraction time is extended 
from the optimum extraction time. The drop in recovery is not as large when extracting 
from a polymer matrix, as when extracting free 2-cyclopentyl-cyclopentanone, i.e. the 
relative drop in recovery is larger in Figure 4 than in Figures 6a and 6b. This is explained 
by the continuous migration of analyte from the sample matrix during the extraction. If 
true equilibrium has not been established, additional analyte will migrate from the sample 
during extraction, thus counteracting the drop in extraction efficiency due to heating of 
the SPME fiber, i.e. the solid sample acts as a reservoir of analyte, which continues to be 
released from the matrix. The results reflect the difficulties in finding true equilibrium 
conditions for the headspace analysis of volatiles in solid sample matrices. The 
equilibrium-like shape of the recovery profile may lead to an erroneous selection of 
extraction conditions, which in turn gives erroneous quantitation. 
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4.2 SPME in the Quality Control of Polyamide 6.6 
In the polymer producing and processing industry, the assessment of the volatile content 
is important to quality control produced goods. In addition, at present increasing 
environmental awareness is focussing a lot of attention on low molar mass compounds in 
polymeric material due to possible ensuing environmental effects imposed by the 
migration of these compounds into the surrounding environment. As previously 
mentioned, the industrial analysis of volatiles in polymers is routinely performed using 
HS-GC. The present chapter aims to discuss the use of HS-SPME in polymer quality 
control, both for absolute measurements, which may be required in high-demanding 
applications such as for packaging or medical materials, as well as in the rapid assessment 
of volatile content and in screening plastic materials for prohibited compounds. 
 

4.2.1 Quantitation of 2-Cyclopentyl-Cyclopentanone by MAE 
A method of extracting 2-cyclopentyl-cyclopentanone from polyamide 6.6 using MAE 
was developed. The method was optimised with respect to the type of solvent, extraction 
temperature, extraction time and sample-to-solvent ratio. Chloroform and methanol were 
evaluated as extracting solvents. After extraction at 90°C for 30 min the highest recovery 
was achieved using methanol as a solvent. This is attributed to the better compatibility 
between polar polyamide 6.6 and polar methanol compared to polar polyamide 6.6 and 
non-polar chloroform. Good compatibility gives good swelling of the polyamide 6.6 
matrix and more effective analyte extraction. The difference between the two solvents 
was however not very large and the amount extracted using chloroform as a solvent was 
approximately 90% of the amount extracted using methanol. When methanol was used as 
the extraction solvent, the maximum extraction temperature was 90°C due to the fusing of 
polyamide 6.6 at 100ºC. 
 
The effect of extraction time on the recovery of 2-cyclopentyl-cyclopentanone was 
studied by extracting 1.000 g Base material in 10 ml methanol for different times varying 
from 5 to 60 min. The resulting extraction profile is shown in Figure 7.  
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Figure 7. Relative peak areas after MAE of 1.000 g Base Material in 10 ml MeOH. The lined 
extraction vessel was heated to 90˚C in 10 min and then maintained for 5 to 45 min to complete 

the extraction 

 
The figure shows that 2-cyclopentyl-cyclopentanone quite rapidly migrates to methanol. 
The maximum recovery was achieved first after 45 min, but already after 1 min of 
extraction approximately 75% of the maximum recovery is achieved. This means that 
most of the 2-cyclopentyl-cyclopentanone in polyamide 6.6 migrates into the extraction 
solvent already during the heating of the extraction vessel. A tendency to equilibrium was 
found after 15 min of extraction but higher recovery was found after 30 min of additional 
heating, i.e. after 45 min. To ensure that the high extraction temperature and long 
extraction time does not cause any degradation of 2-cyclopentyl-cyclopentanone, 2-
cyclopentyl-cyclopentanone was heated in methanol at 90°C for 45 min. GC-MS analysis 
showed that the amount of 2-cyclopentyl-cyclopentanone in the solution was the same 
before and after the heating and hence no analyte degradation took place. In addition, no 
2-cyclopentyl-cyclopentanone degradation products could be observed in the solution 
after the heating. Some samples were also extracted with 5 and 15 ml of methanol. 
Changing the sample-to-solvent volume ratio did not, however, affect the extracted 
amount. 
 
After MAE extractions of the five samples, the cyclic polyamide 6.6 repeating unit with 
molecular mass 226 g/mol was the most abundant compound in all the chromatograms. 
However, in the MAE extracts of the Compound 2,4-di-tert-butylphenol was also 
detected. Table 1 shows the amount of 2-cyclopentyl-cyclopentanone in the five 
polyamide samples determined after MAE.  
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Table 1. Amount 2-cyclopentyl-cyclopentanone in the five polyamide 6.6 samples measured after 
MAE 

 
The recovery of the developed MAE method could not be determined due to the 
unavailability of standard polyamide 6.6 containing a known amount of 2-cyclopentyl-
cyclopentanone. However, MAE generally gives rather high recoveries and the amounts 
measured after MAE were used as approximations of the amounts of 2-cyclopentyl-
cyclopentanone in the five samples. 
 

4.2.2 Quantitation of 2-Cyclopentyl-Cyclopentanone by MHS-SPME 
A prerequisite in MHS-SPME is that the area ratio Q (as described in Eq [7]) of 
consecutive peaks is constant throughout the concentration range. In practice, the constant 
area ratio is checked by observing the spread of individual data points from a linear 
regression line in the plot of logarithms of the peak areas obtained in consecutive 
extractions versus the number of extractions. In MHE the linear regression line should 
have a correlation coefficient of at least 0.998 to show that the matrix effects are truly 
absent. However, the repeatability of SPME is lower than the repeatability of 
conventional HS, and somewhat lower correlation coefficients can hence be accepted. For 
MHS-SPME the correlation coefficient should be examined together with the shape of the 
extraction plot and a clear linear trend should be observed in the extraction plot to ensure 
the absence of matrix effects. The effect of sample amount, extraction temperature, 
incubation time and addition of a displacer on the measured amount of 2-cyclopentyl-
cyclopentanone in Zytel and the characteristics of the corresponding linear regression 
lines are shown in Table 2.  
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Table 2. The amount of 2-cyclopentyl-cyclopentanone in Zytel measured using MHS-SPME under 
various conditions 

 
The 75 mg Zytel sample extracted at 80ºC appears several times in the table to clarify the 
effect of studied variables and to allow easier comparison between the samples. There 
was no significant difference between the concentrations measured at 80°C from the 50 
and 75 mg samples. In both cases the measured concentration of 2-cyclopentyl-
cyclopentanone was approximately 3.9 µg/g.  
 
The extraction temperature, however, strongly influenced the measured concentrations. 
After MHS-SPME at 50°C the measured concentration of 2-cyclopentyl-cyclopentanone 
was 0.47 µg/g. At 80°C and 120°C the measured concentrations were 3.90 µg/g and 96.07 
µg/g, respectively. The very low correlation coefficient of 0.686 obtained at 120°C 
immediately tells that the measurement is invalid. At 50°C and 80°C the correlation 
coefficients were 0.936 and 0.975, respectively. However, a close examination of the two 
extraction plots shows that both measurements are invalid. Figure 8a shows the extraction 
plot obtained after six consecutive extractions from 75 mg Zytel at 50°C versus the 
extractions.  
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Figure 8. The extraction plots of six consecutive 45 min extractions from: (A) 75 mg Zytel at 
50˚C; (B) 75 mg Zytel at 80˚C; (C) 75 mg Zytel at 120˚C and (D) 10 mg Zytel at 80˚C. The 10 mg 

samples were incubated for 25 h at 80˚C prior to extraction 

 
The extraction plot is approximately linear from the second to the fifth extraction. 
However, the extraction plot flattens out between the fifth and the sixth extractions. In 
addition, the difference in the relative peak area between the first and second extraction is 
larger than the difference in the relative peak areas between the following extractions. 
These deviations from linearity in the beginning and at the end of the extraction plot 
result in a rather poor average correlation coefficient of 0.936. It is concluded that the two 
parts of the extraction plot deviating from linearity, i.e. the beginning and the end, 
represent two different phenomena which are together responsible for the erroneous 
measurement at 50°C. The relatively larger difference in the peak area between the first 
and second extraction, compared to the difference between the following extractions, 
reflects the slow migration of analyte from the sample at the low temperature used for the 
extraction. In the first extraction, the readily available analyte is extracted from the 
sample. In the second extraction, the analyte has not had time to migrate from inside the 
polyamide 6.6 powder to replace the analyte removed in the first extraction. In the third 
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extraction, the sample has been heated for a total of 2 h and 15 min and the analyte has, 
thus, had time to migrate to the headspace of the powder, giving the linear part of the 
extraction plot. Between the fifth and sixth extraction the extraction plot flattens out, 
which is concluded to be due to the adsorption of the analyte to the polar surface of the 
polyamide 6.6 powder. In the extraction plot, the adsorption is observed only after several 
extractions when the amount of not hydrogen-bonded analyte in relation to the hydrogen-
bonded analyte has decreased.  
 
The shape of the extraction plot for the extraction at 80ºC is shown in Figure 8b. Again 
the extraction plot flattens out between the fifth and the sixth extraction, showing the 
adsorption of analyte by the matrix also at this temperature. At 80ºC the average 
correlation coefficient is higher, i.e. 0.975, compared to 0.936 at 50°C. This is largely due 
to the faster migration rate at the higher temperature. This can be seen in Figure 8b, as the 
extraction profile is linear already from the beginning of the extraction, i.e. the difference 
in peak areas between the first and second extraction is not larger than the difference 
between the following extractions. At 80°C the migration rate is high enough to 
compensate for the amount of analyte removed by the SPME-fiber in the first extraction 
and a linear relationship was obtained in the first part of the extraction plot. At 80°C the 
2-cyclopentyl-cyclopentanone concentration was measured to be 3.90 µg/g. This 
considerably higher value also reflects the faster migration rate at the higher temperature. 
However, due to the adsorption of the analyte, shown by the flattening of the extraction 
plot, this value is also considered erroneous. 
 
At higher temperature, the faster migration rate may release more analyte into the 
headspace than what is removed by the SPME-fiber in the first extraction, giving an 
extraction plot with a positive slope between the first and the second extraction. This is 
seen in Figure 8c, which shows the 45 min extractions of 25 mg powdered Zytel at 
120°C. A small tendency to adsorption of analyte may be noticed as the extraction plot 
flattens out slightly between the fifth and sixth extractions. The concentration measured at 
120°C was 96.07 µg/g, but again the very poor average correlation coefficient of 0.686, 
together with the non-linear extraction plot, indicates erroneous results.  
 
To overcome the problem of slow diffusion of analyte in the solid matrix, 10 mg samples 
of powdered Zytel were incubated for 25 h at 80°C prior to the 45 min extraction at 80°C. 
The resulting extraction plot is shown in Figure 8d. The average slope of the regression 
line is quite high: -0.83, showing that large amounts of analyte are removed by the 
SPME-fiber in each extraction step. Hence, a larger amount of analyte has been made 
available by migration from the sample to the headspace during incubation. The plot 
shows rather good linearity during the first four extractions. However, the analyte is still 
adsorbed by the matrix as the extraction plot flattens out after the fourth extraction. The 
concentration of 2-cyclopentyl-cyclopentanone in Zytel was measured to be 2.08 µg/g 
when samples were incubated for 25 h at 80°C prior to extraction. Although the 
correlation coefficient of 0.968 is quite high, the shape of the extraction plot indicates that 
the measurement was still not valid due to the adsorption of analyte.  
 
Adsorption of the analyte to the matrix was verified by multiple additions of 2-
cyclopentyl-cyclopentanone to five different polyamide 6.6 samples followed by HS-
SPME. To each sample six different amounts, in the range of 0 to 48 ng were added. The 
samples were stored for 24 h in room temperature to allow equilibrium between the solid 
sample and the added analyte prior to extraction for 45 min at 80°C. The amount of 2-
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cyclopentyl-cyclopentanone in the samples was calculated by extrapolating the linear 
regression line to the intercept with the x-axis, which corresponds to the concentration of 
2-cyclopentyl-cyclopentanone in the samples. The results from the standard addition 
measurements i.e. the measured amounts and average regression line coefficients are 
shown in Table 3. The concentrations obtained after MAE are also shown for comparison. 
 

 

 
 

Table 3. The amount of 2-cyclopentyl-cyclopentanone measured in five different polyamide 6.6 
samples using MAE and standard addition (SA) 

 
Table 3 shows that for all the samples standard addition gives approximately 20 to 40 % 
of the concentration measured by MAE. The 24 h equilibrium time should be enough for 
the solid sample to adsorb the added standard on its surface. The lower amount measured 
results from the slow migration of the analyte, which makes the peak area corresponding 
to the sample without any additional analyte too small. Higher amounts would probably 
have been measured if the samples had been incubated for a sufficiently long time to 
reach true headspace equilibrium before standard was added. This would have shifted the 
regression line to larger peak areas and made it cross the x-axis at higher amounts. 
 
Strong hydrogen bonding between 2-cyclopentyl-cyclopentanone and the polar polyamide 
6.6 was concluded to be responsible for the previously discussed adsorption of analyte by 
the matrix. As previously shown, the adsorption causes a significant error in the 
quantitative measurement of 2-cyclopentyl-cyclopentanone by MHS-SPME. Although the 
slow migration rate may be overcome by incubating the samples prior to extraction, the 
problem of adsorption of analyte by the matrix still remains. The adsorption of analyte 
may be suppressed by adding a compound with higher affinity than the analyte to the 
adsorption sites of the matrix. In the present study water was selected as a displacer 
primarily as it is known to be easily adsorbed by polyamide 6.6 and it is, thus, expected to 
be an efficient displacer. The effect of water on the migration of 2-cyclopentyl-
cyclopentanone was studied by performing extractions with and without water. Figure 9 
shows the extraction profiles for 25 mg of Zytel extracted for 30 min at 80°C and for 30 
mg of Zytel extracted for 20 min at 90°C.  
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Figure 9. The extraction profiles of 25 mg Zytel extracted for 30 min at 80˚C and 30 mg Zytel 

extracted for 20 min at 90˚C together with 250 µl water as displacer. The samples were incubated 
for up to 25 h prior to extraction 

 
250 µl of water was added to the sample extracted at 90ºC. The samples were incubated 
between 0 and 25 h at 80°C or between 0 and 10 h at 90°C before the extraction. 
Different fibers were used to construct the curves and they should hence not be compared 
to each other with respect to absolute peak areas. The curves are shown normalised with 
respect to their maximum recovery and they primarily aim to point out the significant 
reduction in time required for optimal recovery when incubating at higher temperature 
and in the presence of a displacer. At 80°C, the extracted amount increased dramatically 
with time during the first 10 h of extraction. However, after approximately 10 h of 
incubation the curve flattened out. The long time required to reach the optimal recovery is 
probably due to the strong hydrogen bonding between the analyte and the polar 
polyamide 6.6 matrix, which caused slow migration of the analyte. When water was 
added as a displacer, and the extraction was performed at 90°C, the extraction profile 
during the first five hours of incubation showed little variance with respect to time, 
although some spread between data-points was observed. Upon prolonged heating at 90˚C 
the extracted amount of 2-cyclopentyl-cyclopentanone decreases, which is in accordance 
with our studies on long-term thermo-oxidation of polyamide 6.6 which showed that the 
extractable amount of 2-cyclopentyl-cyclopentanone decreases during heating at 100˚C. 
However, the significantly shorter time required for reaching the optimal recovery is a 
result of the increased temperature, which increases the migration rate, and the addition of 
water, which shows higher affinity than the analyte towards the polar hydrogen-bonding 
sites of the matrix and thus releases the analyte from the polymer matrix. Hence, the 
optimal recovery is achieved ten times faster if the temperature is increased from 80°C to 
90°C and water is added as a displacer. 
 
Figure 10 shows the extraction plot of 25 mg powdered Zytel extracted at 90°C for 30 
min in the presence of 250 µl water.  
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Figure 10. The extraction plot of six consecutive 30 min extractions from 25 mg Zytel at 90˚C in 
the presence of 250 µl water. The water acted as a displacer and eliminated the matrix effects 

 
The extraction plot shows good linearity with an average correlation coefficient of 0.991, 
which for MHS-SPME is considered satisfactory. The extraction plot is linear throughout 
the multiple extractions and no tendency to adsorption can be noticed. Although there is 
some spreading of the individual data points relative to the linear regression line, the 
variation is random and caused by the poorer reproducibility of HS-SPME. It is hence 
concluded that the measurement is valid and that the added water acted as a good 
displacer and replaced the analyte at the binding sites of the matrix. Using the given 
conditions for MHS-SPME, the concentration of 2-cyclopentyl-cyclopentanone in Zytel 
was measured to be 15.61 µg/g.  
 
To validate the developed MHS-SPME method, the concentrations of 2-cyclopentyl-
cyclopentanone in five different polyamide 6.6 samples as measured by MHS-SPME, 
were compared to the concentrations measured after MAE. The measured concentrations 
and the ratios between the measured concentrations after MHS-SPME and MAE are 
shown in Table 4. 
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Table 4. The measured concentrations of 2-cyclopentyl-cyclopentanone in five different polyamide 
6.6 samples after MHS-SPME with water and MAE. The ratios between the concentrations 

measured after MHS-SPME and MAE are also given 

 
Table 4 shows that MHS-SPME and MAE give rather comparable results for all the 
samples but one, i.e. the Base material, for which MHS-SPME measured a three times 
higher concentration than MAE. In general, the concentrations measured after MHS-
SPME were up to 30% higher than the concentrations measured after MAE. Although 
MAE recoveries are often high, MAE rarely gives complete extraction. Hence, as it was 
shown that the developed MHS-SPME method eliminated the matrix effects, the 
concentrations measured using MHS-SPME were considered to be the true 
concentrations. The recovery of the MAE was, thus, around 70–85%. 
 
The use of water as a displacer also allowed the identification of 2,5-bis(cyclopentyl)-1-
cyclopentanone among the volatile compounds in the polyamide 6.6 samples. In the HS-
SPME chromatograms from the Compound, the peak corresponding to 2,5-
bis(cyclopentyl)-1-cyclopentanone co-eluted with a large peak corresponding to 2,4-di-
tert-butylphenol, a degradation product from the additive tris(2,4-di-tert-
butylphenyl)phosphite, and could not be detected in the Total Ion Current 
chromatograms. 2,5-bis(cyclopentyl)-1-cyclopentanone could, however, easily be 
identified in the extractions from the other samples and was found in relative abundances 
of 1:3:3:2 in the Base:Aldrich:Zytel:Recovered samples, respectively. 2,5-
bis(cyclopentyl)-1-cyclopentanone was not detected in the chromatograms after MAE. 
 

4.2.2 Rapid Assessment of Volatile Content Under Non-Equilibrium Conditions 
The content of volatiles in polymers is routinely assessed by the polymer producing and 
processing industry. Generally, HS-GC is used under non-equilibrium conditions and 
absolute contents are not measured. The performance of HS-SPME, compared to 
traditional HS, for assessing the 2-cyclopentyl-cyclopentanone content in polyamide 6.6 
under non-equilibrium conditions was evaluated by extracting the analyte from five 
polyamide 6.6 samples using traditional HS and HS-SPME at 80˚C and 120˚C. The 
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influences of different parameters on the extractions were studied. Table 5 shows the 
amount of 2-cyclopentyl-cyclopentanone extracted from the five polyamide 6.6 samples 
using traditional HS extraction and HS-SPME at 80°C and 120°C. 
 

 

 
 

Table 5. Measured amount of 2-cyclopentyl-cyclopentanone in the five different polyamide 6.6 
samples at 80˚C and 120˚C using HS-SPME and traditional HS-extraction 

 
Under non-equilibrium conditions, sample size and extraction temperatures strongly 
affected the amount of 2-cyclopentyl-cyclopentanone emitted from polyamide 6.6. Due to 
non-equilibrium conditions during the extraction the measured amount also depended on 
the used extraction method: The amount measured after HS-SPME for all the samples 
was two to five times higher than the amount measured after HS. This is explained by the 
differences in sampling time between the two methods. Traditional HS sampling removes 
a selected portion of the gas-phase in a few seconds. However, in the present study HS-
SPME was performed for 45 min. Hence, during HS-SPME sampling there is time for the 
system to compensate for the amount of analyte removed by the SPME-fiber by releasing 
more analyte into the gas-phase, which gives larger amounts as measured by HS-SPME 
than with traditional HS. This also explains the higher sensitivity of SPME compared to 
HS under equilibrium conditions.  
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The temperature obviously affects the amount of 2-cyclopentyl-cyclopentanone emitted 
from polyamide 6.6. Both HS and HS-SPME showed that the amounts emitted at 120°C 
are approximately three to 10 times higher than the amounts emitted at 80°C. This is 
however expected as a natural consequence of increased temperature. The amount of 2-
cyclopentyl-cyclopentanone that had migrated from the polyamide granules after 5 h of 
incubation at 120°C was lower than the amount that had migrated from the polyamide 
powder after only 45 min of incubation at 120°C. This shows the large effect of sample 
size on the migration rate and equilibrium time. It also confirms that true equilibrium 
between polyamide 6.6 granules and their headspace had not been reached after 5 h of 
incubation at 120°C. The analyte thus continues to migrate from the matrix but at a much 
lower rate. The diffusion of 2-cyclopentyl-cyclopentanone seems to proceed in two 
different stages with the second stage being considerably slower than the first. The 
analysis time can however be considerably shortened if the polyamide 6.6 granules are 
milled to powder prior to testing. 
 
2-cyclopentyl-cyclopentanone was the single most abundant compound in the 
chromatograms after HS and SPME extractions from the Aldrich, Zytel and Base 
materials and represented more than 95% of the total peak area. In the extractions from 
Compound, however, 2,4-di-tert-butylphenol was the most abundant compound and its 
peak area was more than 125 times larger than the 2-cyclopentyl-cyclopentanone peak 
area. This compound is most likely formed due to degradation of the additive tris(2,4-di-
tert-butylphenyl)phosphite which is known under trade names like Irgafos 168, Nauguard 
524 and Ultranox 626. In the extractions from the Recovered material large amount of 
compounds with typical alkane and alkene mass spectra were found. In these 
chromatograms the 2-cyclopentyl-cyclopentanone peak area represented less than 10% of 
the total peak area. The presence of aliphatic compounds indicates that the Recovered 
polyamide 6.6 may contain lubricants or be contaminated by polyolefins.  
 
The Base material emitted very low amounts of 2-cyclopentyl-cyclopentanone. As the 
Compound material consisted of 47 % Recovered material, 20 % Base material, 30% 
glass-fibers and 3 % additives, this means that the amount of 2-cyclopentyl-
cyclopentanone emitted from the Compound should be approximately half of the amount 
emitted from the Recovered material. The measured amounts are, however, only 25 to 40 
% of the amount emitted from the Recovered material. This is explained by degradation 
of 2-cyclopentyl-cyclopentanone during compounding and was also seen in the study 
concerning in-plant recycling of polyamide 6.6. These emitted amounts measured by 
headspace extractions are in good agreement with the amounts measured by MAE, i.e. the 
amount of 2-cyclopentyl-cyclopentanone extracted from Zytel and Aldrich was five to ten 
times higher than the amount extracted from the other samples. Furthermore, the lowest 
amount was extracted from the Base material and less than half of the amount extracted 
from the Recovered material was extracted from the Compound. 
 
The emitted amount of 2-cyclopentyl-cyclopentanone measured by HS and HS-SPME 
was correlated to the total amount measured after MAE. The time for HS thermostating 
and HS-SPME extractions was 45 min i.e. the analysis was performed under non-
equilibrium conditions. Figure 11 shows the relationship between HS-and MAE 
extractions and Figure 12 shows the correlation between HS-SPME and MAE extractions.  
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Figure 11. Correlation between 2-cyclopentyl-cyclopentanone content measured by traditional 

HS-extraction and after MAE 

 

 
 

Figure 12. Correlation between 2-cyclopentyl-cyclopentanone content measured after HS-SPME 
and after MAE 

 
The amount 2-cyclopentyl-cyclopentanone emitted from the samples measured by the 
non-equilibrium headspace methods developed was found to be in rather good correlation 
with the total amount in the samples measured by MAE. This shows that it is possible to 
estimate the amount of 2-cyclopentyl-cyclopentanone in polyamide 6.6 using headspace 
measurement without establishing true equilibrium and without compensating for 
volume- or matrix effects. The headspace techniques could, thus, be applied to rapidly 
comparing or quality controlling different samples with respect to their 2-cyclopentyl-
cyclopentanone or other volatile contents. When HS-extraction was used the correlation 
was better at 120°C than at 80°C but when HS-SPME was used the correlation was best at 
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80°C. The measurement is hence preferably made with HS at 120°C or with HS-SPME at 
80°C. 
 

4.2.3 Screening for Brominated Flame Retardants in Polyamide 6.6 Collected for 
Recycling 
Due to the forthcoming legislation against the use of brominated flame-retardants in 
plastic materials, fast and reliable methods are required to detect such compounds in 
polymeric materials collected for recycling. For polymeric materials where 
Tetrabromobisphenol is used as an additive, i.e. mixed with the polymer, a method to 
extract and analyse the flame-retardant has already been presented [125]. Extraction is 
however not possible when Tetrabromobisphenol A is used as a co-reactant, i.e. is 
covalently bound to the polymeric matrix due to the formation of e.g. ester-linkages 
between the phenol group of the flame-retardant and the acid group in a polyamide chain. 
In the present study HS-SPME-GC-MS was proved to be a fast and sensitive method to 
indirectly identify co-reacted Tetrabromobisphenol A in polyamide 6.6 as HS-SPME 
effectively extracted several brominated compounds, all possible degradation products of 
the commonly used flame-retardant Tetrabromobisphenol A from recycled polyamide 6.6. 
Furthermore, the high extraction capacity of the PDMS/DVB stationary phase towards 
aromatic compounds was demonstrated, as the HS-SPME-GC-MS method allowed the 
extraction and identification of brominated benzenes, from a complex matrix only 
containing trace amounts of analytes. In addition, degradation products from an anti-
oxidant, a hindered phenol, were also extracted. 
 
Figure 13 shows a chromatogram of an extraction of the volatile compounds migrating 
from the recycled polyamide 6.6.  
 

 

 
 

Figure 13. GC-MS chromatogram showing the compounds extracted by SPME from polyamide 
6.6 collected for recycling. The identities of the numbered peaks are: Br = brominated benzene; 1 

= caprolactam; 2-4 = hindered phenols; 5 = diphenylamine 

 
The peaks corresponding to brominated benzenes are marked with Br in the 
chromatogram. The mass-spectrums of all of these compounds showed the significant 
ion-patterns of aromatic compounds with electronegative substituents (fragment ions 50, 
51, 63, 64, 65, 75, 76…) as well as the characteristic isotope-ratios of one (A = 100%, 
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A+2 = 97.3%) or two (A = 51%, A+2 = 100%, A+4 = 49%) bromine atoms, confirming 
the mono- or dibrominated benzene structure of the compounds. A simple external 
quantitative analysis using 1,4-dibromobenzene and bromobenzene as model compounds 
for the identified Tetrabromobisphenol A degradation products showed that the amounts 
of brominated benzenes emitted from the recycled polyamide 6.6 ranged from 3 to 10 
µg/kg polyamide per analyte. 
 

4.3 SPME as a Tool in Durability Assessment 
The deteriorating of plastic products with time is well known and calls for careful studies 
of polymer durability and long-term properties. In addition, with increasing demands on 
recycling of plastics, the effects of repeated processing on polymer durability becomes an 
increasingly important issue. The present chapter aims to present ways to apply HS-
SPME in polymer durability assessment. 
 

4.3.1 Thermo-Oxidation of In-Plant Recycled Polyamide 6.6 
Repeated processing increased the formation of low molecular mass compounds during 
subsequent long-term thermo-oxidation of polyamide 6.6. Figure 14 shows the 
chromatograms of compounds extracted from virgin and recycled polyamide 6.6 after (a) 
25 and (b) 1200 h of thermo-oxidation at 100°C.  
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Figure 14a. 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 6. L1-L7 = linear C13-C17 

alkanes and alkenes from lubricant, * = silicone from septa used to seal vials 
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Figure 14b. 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 6. L1-L7 = linear C13-

C17 alkanes and alkenes from lubricant, * = silicone from septa used to seal vials 
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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 the 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 
min 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 h of ageing at 100°C 9 compounds were extracted from virgin 
material whereas 12 compounds were extracted from material recycled three times. After 
1200 h of oxidation the number of compounds extracted from virgin polyamide 6.6 had 
increased to 14 compared to 16 from the material recycled three times. Peaks 
corresponding to identified compounds are marked in the chromatograms in Figure 14. 
The names and relative amounts of the identified compounds are presented in Table 6. 
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Table 6. Identified compounds 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 

 
It should be observed that the relative amounts presented in Table 6 only refer to the 
distribution of analytes in the fiber coating and do not reflect the actual distribution of the 
analytes in the polyamide 6.6. The distribution of analytes in the fiber is determined by 
the individual analytes partitioning coefficients between the condensed analyte, its 
headspace and the fiber coating. Figure 15 shows the resulting peak areas after triplicate 
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extractions of some selected analytes, representing the wide range of compounds 
identified, using different fiber coatings.  
 

 

 
Figure 15. 100 ng of some selected compounds extracted using different fibre coatings  

 
The amount of each analyte was approximately 100 ng and the extractions were 
performed for 30 min at 80˚C. The figure shows that the PDMS/DVB fiber is somewhat 
more effective for extraction of 2-cyclopentyl-cyclopentanone, ethyl-succinimide and 
collidine (2,4,6-trimethyl-pyridine) than for extraction of the other analytes. Although 
equal amounts of all analytes were used for the extractions, the peaks corresponding to 
caprolactame, glutarimide, pentanamide and 3-picoline are significantly smaller 
compared to the other analytes. This may not necessarily be due only to different 
partitioning coefficients, as also differences in vapour pressures are expected to influence 
the extracted amounts. However, the differences in sensitivity should be considered when 
examining the relative amounts presented in Table 6. In addition, as in Figure 2, it can be 
noticed that higher recovery was achieved with the CAR/DVB fiber than with the 
PDMS/DVB fiber, but with significantly poorer repeatability.  
 
The identified compounds were classified into four different groups; cyclic imides, 
pyridines, chain fragments and cyclopentanones, as presented in Figure 16. Compounds 
within each group share a common structural feature.  
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Figure 16. Classification of identified compounds in virgin and recycled polyamide 6.6 where 
compounds in each group share a structural feature 

 
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 17, the total amount of cyclic imides extracted from 
both virgin and recycled polyamide 6.6 clearly increased during thermo-oxidation.  
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Figure 17. Changes in extracted amount of succinimides from virgin and recycled polyamide 6.6 

during ageing at 100˚C for 1200 hours 

 
Of all the identified compounds 1-pentyl-2,5-pyrrolidinedione showed the most 
prominent increase in abundance due to thermo-oxidation; after 1200 h its relative 
abundance had increased from 4 to 106 in virgin polyamide 6.6 and from 30 to 453 in 
polyamide 6.6 recycled three times. 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 18, 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 18. 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 the 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 19.  
 

 



Results and Discussion 

 - 60 -

 
Figure 19. Changes in relative amount of pyridines in virgin and recycled polyamide 6.6 during 

thermo-oxidation at 100˚C 

 
Furthermore, during the first 100 h 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 h 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 h 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 h 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 h of oxidation but 
somewhat smaller amounts of it were extracted after 1200 h. 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 20. Increased formation of chain fragments from virgin and recycled polyamide 6.6 during 

thermo-oxidation at 100˚C 

 
Figure 20 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 h 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 h 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. In contrast to the 
other compounds extracted, the amounts of cyclopentanones decreased due to thermo-
oxidation, as shown in Figure 21.  
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Figure 21. Changes in relative amounts of cyclopentanones during thermo-oxidation of virgin and 

recycled polyamide 6.6 at 100˚C 

 

 
Figure 22. Decrease in extractable amount of 2-cyclopentyl-cyclopentanone from virgin and 

recycled polyamide 6.6 during thermo-oxidation at 100˚C 

 
Figure 22 shows how the extracted amount of 2-cyclopentyl-cyclopentanone decreased 
during ageing and after 1200 h 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 h. However, 
the amounts of the other cyclopentanones extracted increased due to repeated recycling, 
as shown in Figure 23. Hence, it is concluded that 2-cyclopentyl-cyclopentanone is 



Results and Discussion 

 - 63 -

formed during the 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 mirrors the previous 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 23. Relative peak areas of cyclopentanone derivatives extracted from virgin and recycled 

polyamide 6.6 after 25 hours of ageing at 100˚C. CP = cyclopentanone 

 

4.3.2 Long-Term Properties of In-Plant Recycled Polyamide 6.6 
The increased susceptibility to 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 a visual 
examination of the samples during ageing as the latter were yellowed earlier and more 
severly. 
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Figure 24. Tensile strength of virgin and recycled polyamide during ageing at 100˚C 

 
Figure 24 shows the tensile strengths of all samples during ageing, compared to their 
initial tensile strengths. During the first 100 h 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 500 h 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 to the number of times the material was extruded. After 1200 h of 
thermo-oxidation the deterioration in mechanical properties was even more pronounced 
and at this point the polyamide 6.6 recycled three times 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 500 h of ageing the increase in susceptibility due to repeated 
processing was clearly shown using tensile testing. All samples except the twice 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. 
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Figure 25. 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 25. It did however not show any differences between the 
different samples until 500 h of thermo-oxidation when the melting peak temperature of 
virgin and once recycled material was found to be somewhat higher than for material 
recycled two and three times. After 1200 h of thermo-oxidation the melt peak temperature 
of once 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 h of oxidation more carbonyl groups were found 
on the surface of the material recycled three times than on the other materials, as shown in 
Figure 26. 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. 
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Figure 26. Increase in carbonyl groups on surface of virgin and recycled polyamide 6.6 during 

thermo-oxidation at 100˚C 

 

4.3.3 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 27 shows the 
increase in the 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.  
 

 

 
Figure 27a. Correlation between formation of 1-pentyl-2,5-pyrrolidinedione and simultaneous 

decrease in tensile strength for virgin polyamide 6.6 during thermo-oxidation at 100˚C 
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Figure 27b. Correlation between formation of 1-pentyl-2,5-pyrrolidinedione and simultaneous 
decrease in tensile strength for once recycled polyamide 6.6 during thermo-oxidation at 100˚C 

 
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 to 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 were relatively modest even after 1200 h of thermo-
oxidation. However for the once recycled material the changes were quite large already 
after 500 h 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 h of oxidation, which coincided 
with the large decrease in mechanical properties. 
 

4.4 SPME in the Analysis of Degradation Products 
Degradation of polymers is accompanied by the formation of low molar mass degradation 
products. Proper identification of the formed degradation products serves as a means to 
establishing the degrading reactions that ultimately lead to material failure and thus 
ultimately helps in tailoring the durability of polymers. In addition, the identification of 
degradation products that may migrate from polymers during service life contributes 
towards a complete picture of the environmental impact of polymers. The present chapter 
discusses the use of HS-SPME in the analysis of polymer degradation products. 
 

4.4.1 Long-Term Thermo-Oxidation Products 
Succinic acid, succinaldehyde and pyrrole are expected to form during the photo-and 
thermo-oxidative degradation of polyamide 6.6, as described in Scheme 2. No 
succinaldehyde or pyrrole was however 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 [126] but not after 
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long-term thermo-oxidation, due to further oxidation into carboxylic acids upon 
prolonged ageing [127]. Succinic acid was probably not 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. 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 
[128,129]. 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 occurs extensively. 
 
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 the inert atmosphere of both model compounds of 
polyamide 6.6 and commercial grade polyamide 6.6. The formation of pyridines was 
explained 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 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. 
 



Results and Discussion 

 - 69 -

4.5 HS-SPME as a Tool in Polymer Characterisation 
Following the discussion of the applicability of HS-SPME in polymer analysis, some HS-
SPME characteristics and performance are presented. The present thesis pays rather little 
attention to the sensitivity of the HS-SPME technique, with respect to its capacity to 
extract from samples containing only small amounts of analytes. This is considered of 
higher importance in applications where the availability of sample is low, than in the 
characterisation of large volume engineering plastics. Rather, the performance of HS-
SPME is discussed with respect to its capacity to detect small changes in material 
properties and to its total analysis time and ease of operation, in comparison to 
traditionally used techniques such as HS and MAE.  
 

4.5.1 Method Characteristics and Performance 
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 
h whereas tensile testing required 1200 h to detect any changes. DSC, FTIR and tensile 
testing are well-established techniques to characterize polymers and they have earlier 
been applied successfully to studies of thermo-oxidative degradation of polyamide 6.6. 
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. In addition, HS-SPME 
could easily extract traces of a brominated flame-retardant in recycled polyamide 6.6, 
which by e.g. MAE or Soxhlet would require considerably more sample preparation and 
longer analysis time. 
 
For quantitative analysis using MHS-SPME the total analysis time is considerably longer 
than the analysis time for MAE. If six consecutive extractions are performed, the total 
analysis time for one sample and a standard is approximately 6 h. In MAE, the extraction 
is performed in approximately 1 h, including cooling and filtering of the solution. 
However, if the linearity of the MHS-SPME plot under the given conditions has been 
verified, the number of extractions can be reduced to two, which reduces the total analysis 
time to two h. Other advantages of MHS-SPME compared to MAE are e.g. its higher 
sensitivity, the small sample amount required, solvent free nature and if an autosampler is 
used a low demand on labour time. In addition, as matrix effects are absent, the recovery 
will always be 100%. This is very valuable compared to other techniques for extracting 
volatiles in polymers in which the recovery should be calculated from the extraction of 
spiked samples, which are practically impossible to produce. 
 
For reproducible results both traditional HS and HS-SPME benefit from automatic 
operation by an autosampler. However, even though an autosampler is used, HS generally 
shows better precision than HS-SPME. From Table 5 it can be seen that HS generally 
gives RSD´s less than 5%, while RSD´s for HS-SPME generally are around 10%. Table 5 
also shows that the calibration curve correlation coefficients obtained at 120°C were 
acceptable for both HS and HS-SPME with values of 0.995 or higher. However when 
extraction was performed at 80°C the correlation coefficients were not as good: 0.993 for 
HS and 0.986 for HS-SPME. The better correlation coefficients at higher temperature 
speak in the favour of extracting at 120°C, however, at this temperature the rubber caps of 
the vials degraded and already after 20 min of extraction at 120°C the resulting 
chromatograms consisted mainly of very large peaks representing siloxane compounds 
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formed as a result of silicone rubber degradation. HS-extractions showed a linear 
relationship over a larger range of analyte concentration than HS-SPME extractions, 
which in the present study was only up to approximately 112 ng. The limit of quantitation 
(LOQ) was estimated by extrapolating the linear regression lines of signal-to-noise ratios 
versus concentration for the calibration curves used for quantitation to S/N = 10. The 
LOQ was considerably higher for HS-extractions, 3.91 ng at 80°C (r2 = 0.993) and 3.75 
ng at 120°C (r2 = 0.871), than for HS-SPME which could quantify at levels as low as 0.16 
ng at 80°C (r2 = 0.958) and 0.81 ng at 120°C (r2 = 0.978).  
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5 Conclusions 
HS-SPME is a very useful tool in polymer analysis and can be applied for absolute and 
semi-quantitative analysis of the volatile content in polymers, for degradation studies and 
in the assessment of polymer durability. 2-cyclopentyl-cyclopentanone can be 
quantitatively analyzed in solid polyamide 6.6 using MHS-SPME if the hydrogen 
bonding of 2-cyclopentyl-cyclopentanone to the polyamide is eliminated by the addition 
of a polar compound such as water. In addition, the use of water as a displacer 
significantly reduces the time to establish equilibrium, i.e. from 12 h at 80˚C if no water is 
added to 30 min at 90˚C in the presence of water. MHS-SPME showed that the recovery 
for MAE of 2-cyclopentyl-cyclopentanone from polyamide 6.6 is approximately 70-85%.  
 
There is a correlation that is valid also under non-equilibrium conditions between the 
amount of 2-cyclopentyl-cyclopentanone emitted from polyamide 6.6 and the amount of 
2-cyclopentyl-cyclopentanone in the material. This allows a rapid assessment of the 2-
cyclopentyl-cyclopentanone content using headspace techniques. The measurement is 
preferably made by HS-SPME at 80˚, as this gives higher sensitivity than traditional HS 
sampling. The analysis time can be significantly reduced if the polyamide samples are 
milled to powder prior to sampling. In the extraction profile of 2-cyclopentyl-
cyclopentanone from polyamide 6.6, at least two stages resembling equilibrium are 
observed. The two stages suggest that the migration of 2-cyclopentyl-cyclopentanone 
from polyamide 6.6 proceeds step-wise. They should not be mistaken for true 
equilibrium, as this will give erroneous quantitation. 
 
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 reduces polyamide 
6.6 durability. The largest increase in the formation of degradation products coincides 
with the largest drop in tensile strength. 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-succinimides show 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 mass 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 for 
monitoring the thermo-oxidative degradation of polyamide 6.6 as it detected degradation 
induced-changes in the product pattern during the early stages of ageing when DSC, 
tensile testing and FTIR could not yet detect any changes. 
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