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Abstract

A correlation was found between the emitted and total amount of 2-cyclopentyl-cyclopentanone in polyamide 6.6. The emitted amounts were
measured by GC-MS after headspace (HS) or headspace solid-phase microextraction (HS-SPME) and the total content was determined afte
microwave-assisted extraction (MAE). The correlation was valid also under non-equilibrium conditions, which allows rapid assessment of
2-cyclopentyl-cyclopentanone content in polyamide 6.6 by headspace techniques. The incubation time needed for non-equilibrium headspace
analysis could be reduced from 5 h to 45 min if the PA66 granules were milled to powder prior to extraction. However, to reach equilibrium
between the analyte in the solid sample and the headspace still required 12 h of incubatit®. dt80long incubation time is explained by
slow diffusion rate due to the strong hydrogen bonding between analyte and matrix and the relatively high crystallinity of polyamide 6.6. The
headspace extraction profile showed several equilibrium-like patterns that are easily mistaken for the real equilibrium.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction are also studied using solvent-based extraction-techniques,
e.g. microwave-assisted extraction (MAE) and Soxhlet-
The increasing environmental awareness has drawn at-extraction. These techniques are thoroughly described in ex-
tention to the influence of low molecular mass compounds cellent reviews by Eskilsson et 4lL0] and Vandenburg et
emitted from polymeric products on human health and en- al. [11]. Solvent based extraction techniques all suffer from
vironment. These low molecular mass compounds include being rather time-, labour- and solvent-consuming. For ex-
additives, residual monomers, degradation-products, side-ample, Soxhlet extraction may take several days to complete
products formed during polymerisation and others. Low and can consume up to 500 ml of solvent in one extraction. In
molecular mass compounds in polymers are traditionally ex- addition, the risks of losing volatile analytes, or masking them
tracted and identified by static or dynamic HS—@EIS6], by the solvent peak in subsequent chromatographic analysis,
although also other techniques, e.g. supercritical fluid ex- are rather high using solvent based extractions and volatiles
traction (SFE) and dissolution of the polymer prior to HS- are thus preferably analysed using solvent-free headspace ex-
extraction and GC-MS analysis have been empldyed]. traction techniques.
Additives and other extractable compounds in polymers  Although headspace analysis is a well-established and
rather straightforward technique, there are certain limitations
* Corresponding author. Tel.: +46 8 790 8271; fax: +46 8 100 775. in the quantitative analysis of volatiles in solid matrices by
E-mail addressminna@polymer.kth.se (M. Hakkarainen). headspace techniques. The use of external or internal cali-
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bration for quantitation of volatiles in solid matrices requires tion of polyamide 6.6 and degrades then into lower molecu-
that standards are produced by spiking the matrix with known lar mass cyclopentanones when polyamide 6.6 is processed
amount of analyte. Such standards are basically impossible[25]. 2-Cyclopentyl-cyclopentanone has also been identified
to produce for polymer matrices as volatile compounds are after thermal degradation of polyamide 6.6 in inert atmo-
lost at the high temperatures required to melt the polymers. sphere at 200C [26], 305°C [27] and 600-800C [28].
Thus, when headspace techniques and external calibratiorThese studies do not, however, mention if the low molecular
are applied for analysis of volatiles in polymers, the emitted mass compounds were analysed prior to degradation, which
amounts rather than the absolute amount of volatiles aremeans that the 2-cyclopentyl-cyclopentanone may have been
measured. The theory of headspace extraction, along withpresent in the materials already before the thermal aging.
different areas of application, has been thoroughly discussedAllen and Harrison found that 2-cyclopentyl-cyclopentanone
in the literaturd12—14] More recently, solid-phase microex- was one of the most abundant compounds in the 2-propanol
traction has emerged as an effective technique to extractextracts of polyamide 6.6 films and chif29]. SotoValdez
volatile compounds from a variety of matrices, including et al.[30] used a dynamic headspace system to quantify the
polymers. HS-SPME has been shown to provide better amount of volatiles in polyamide 6.6 “microwave and roast-
sensitivity than traditional static HS for extraction of e.g. low ing bags” (MBR). They found that 17.4 mg 2-cyclopentyl-
molecular mass degradation products in polyethyldrig cyclopentanone was emitted from each bag during heating
and flavour compounds in milk 6]. It has also been applied for 2 h at 200°C under nitrogen, corresponding to 3.6 mg/g
for quality control of polymeric materialgl7], analysis of polyamide 6.6. Due to the presumably exhaustive extraction
volatile organics in styren@8,19]and to study the migration by the dynamic headspace extraction, this was considered as
of low molecular mass compounds from poly(vinyl chloride) the total amount of 2-cyclopentyl-cyclopentanone in the bags.
(PVC) blends[20,21] The advantages and limitations of In a following study, Gramshaw and SotoVald&4] mea-
headspace techniques in the analysis of volatiles and semisured the amount 2-cyclopentyl-cyclopentanone in chicken
volatiles in polymers are discussed in a review by B22{. after cooking using MBR. The study showed that 2¢92-

Also the plastic compounding- and processing-industry cyclopentyl-cyclopentanone/g polyamide 6.6 MBR migrated
routinely estimates the content of volatile organic compounds into chicken during cooking. This corresponds to only 0.08%
(VOC) in polymeric materials to quality control their prod- of the amount initially present in the MBR. This was recog-
ucts. After production, polymers are devolatilized to remove nised as a rather low amount as generally 0.3—3% of the low
low molecular mass compounds that otherwise could mi- molecular mass compounds initially present in ovenable ma-
grate out of the plastics during their service [i&8]. After terials migrate into heated foods during cooking.
devolatilization, a standardised HS—GC method is generally = The quantitative determination of volatiles in polymers
used to estimate the remaining volatile content. In a common demands time- and/or solvent-consuming extractions. Qual-
standard method, plastic granules or pieces are thermostatedative analysis of volatiles emitted from polymers can,
for 5h at 120°C prior to sampling and analysis. The total however, be performed using solvent-free headspace tech-
volatile organic content (TVOC) is estimated by comparing niques. In the present study, HS-SPME-GC-MS and tradi-
the sum of all peak areas in the chromatogram to a calibra-tional HS—GC-MS were applied to determine the emission
tion with acetone as a standard and the TVOC is reportedof 2-cyclopentyl-cyclopentanone from PA66. The emitted
in wg C/g. This measurement does not give the absolute con-amounts measured by HS—-GC-MS and HS-SPME-GC-MS
tent, as itis performed under non-equilibrium conditions, and were compared to the 2-cyclopentyl-cyclopentanone content
no compensation is made for sample volume, matrix effects in the polyamide samples determined by MAE. The aim was
or differences in volatility between analytes and the used to investigate if a correlation could be found between the
standard. However, the obtained values are associated wittemitted and total amounts, which would allow rapid assess-
threshold values that restrict the use of the materials in certainment of 2-cyclopentyl-cyclopentanone content in different
applications. For use of polymeric materials in, e.g. vehicle polyamide 6.6 samples by headspace techniques.
interiors some major vehicle producers accept emissions of
50,g C/g, although in the near future the restrictions will be
lowered to 3Qug C/g. 2. Experimental

We have earlier by HS-SPME-GC-MS identified 2-
cyclopentyl-cyclopentanone as one of the major volatile 2.1. Materials
compounds in polyamide 6.¢24]. The content of 2-
cyclopentyl-cyclopentanone was higher in virgin than in re- Five different grades of polyamide 6.6 were used: un-
cycled polyamide 6.6 and the content was reduced uponstabilised but lubricated Zytel 101L from DuPont (Stock-
repeated processing. The content of cyclopentanone ancholm, Sweden), unstabilised laboratory grade polyamide
other low molecular mass cyclopentanones, e.g. 2-pentyl-from Sigma-Aldrich (Aldrich Chemicals, Milwaukee, WI,
cyclopentanone and 2-ethyl-cyclopentanone were found toUSA), unstabilised industrial grade polyamide Domamid
increase during processing, indicating that 2-cyclopentyl- 33ABH from Domo (Leuna, Germany), recovered in-plant
cyclopentanone is formed already during the polymerisa- polyamide waste collected and grinded for reuse in new
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nylon compounds and, lastly, a commercial 30 wt.% glass-

153

2mm inner diameter was used for SPME and HS-samples

fibre reinforced grade containing 47% of the recovered wastewhereas a 4 mm inner diameter liner was used for liquid in-
and 20% of the industrial grade polyamide. The commercial jections from MAE samples. The temperatures of the transfer
compound also contained some additives. The five materi- line and ion source were 27& and 180 C, respectively. The

als will hereafter be designated Zytel, Aldrich, Base, Recov- mass spectrometer scanned in the range of 35rDRith a
ered and Compound, respectively. The Base, Recovered andgcan time of 0.43 s. Data was evaluated using the Xcalibur 1.2
Compound materials were generously supplied by Polykemi software. In extractions from the Compound 2-cyclopentyl-

(Ystad, Sweden), a major Swedish producer of plastic com-

cyclopentanone co-eluted with another product and quantita-

pounds. The polyamide 6.6 granules were milled into a fine tion was made from reconstructed ion chromatograms (RIC)
powder using a Retsch (Hann, Germany) ZM1 centrifugal plotting the 2-cyclopentyl-cyclopentanone base peal/nf

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 melting of polymer and loss of analyte due

to the heat evolved during milling. Additional liquid nitrogen
was dripped into the mill during milling.

2.2. SPME-fibres and chemicals

The capacities of five different SPME fibres to ex-
tract 2-cyclopentyl-cyclopentanone were evaluated.8b
StableFlex Carboxen/Polydimethylsiloxane (CAR/PDMS),
70um StableFlex Carbowax/Divinylbenzene, 8% Poly-
acrylate (PA), 10@.m Polydimethylsiloxane (PDMS) and
65um StableFlex Polydimethylsiloxane/Divinylbenzene
(PDMS/DVB). Al fibres were purchased from Supelco (Bel-

84. For all the other materials the peak areas were calculated
by integrating the total ion current (TIC).

2.4. Extraction of polyamide samples

For both HS and HS-SPME extractions 20 ml clear glass
vials (Supelco) sealed with magnetic silicone/PTFE crimp
caps (Varian) were used. Samples were equilibrated and ex-
tracted in the autosampler agitator with the agitator working
in cycles of 5s with agitation at 500 rpm followed by 2s
without agitation.

2.4.1. Headspace (HS)
2.000g of granules and 1.000g of powder were equili-
brated at 120C or 80°C in closed vials. After the equilib-

lafonte, PA, USA). Quantitation was done against calibra- rium time 500ul of the gaseous phase was removed from
tion curves made of 2-cyclopentyl-cyclopentanone (>99%) the headspace above the polyamide 6.6 by a 2.5 ml gastight

from Lancaster (Lancashire, UK) in methangt99.9%)

from Fluka (Buchs, Germany). In microwave-assisted ex-

tractions cyclohexanone-09.9%) from PolyScience (Niles,

syringe heated to the same temperature as the sample and
then injected into the GC-MS. The syringe was flushed three
times with sample prior to injection and cleaned between ex-

IL, USA) was used as internal standard and the previously tractions by flushing it for 20 s with helium. The five calibra-
mentioned methanol and chloroform (>99.8%) from LabScan tion solutions of 2-cyclopentyl-cyclopentanone in methanol

Ltd. (Dublin, Ireland) as solvents.

2.3. Gas chromatography—mass spectrometry (GC-MS)

used for preparation of calibration curves were of concen-
trations 0.1, 0.5, 1.0, 5.0 and 1Qu@/ul, respectively. One

microliter of each calibration solution was extracted under
conditions identical to the extraction of samples to construct

Chromatographic separation and mass spectrometric dethe calibration-curve. No compensation was made for the dif-

tection was performed using a ThermoFinnigan (Sare,Jos
CA, USA) GCQ GC—-MS system. A Gerstel (Mheim and

ferences in headspace volume between vials containing sam-
ples and standard-solutions. Standards were analysed three

der Ruhr, Germany) MPS2 autosampler was used for HS-times and samples four times. The headspace sampling was

sampling, HS-SPME and injection of extracts from MAE.
The GC was equipped with a 30 m WCOT Varian (Lake For-
est, CA, USA) CP-Sil-8 column with 0.25 mm inner diame-
ter and a 0.2pm thick stationary phase. The GC was pro-
grammed to start at 4@, hold the temperature for 1 min
and then increase the temperature by @0nin to 180°C.
This temperature was held for 1 min and lastly all high boil-
ing compounds were eluted by heating the column to°Z70
at 30°C/min and keeping it at 270C for 15 min. Helium of
99.9999% purity from AGA (Stockholm, Sweden) was used

performed in accordance with a procedure commonly em-
ployed by the plastics compounding industry for estimation
of TVOC in polymers.

2.4.2. Headspace-solid phase microextraction
(HS-SPME)

10to 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-fibre, for all samples. The fibres were exposed

as carrier gas at a constant average linear velocity of 40 cm/sto the headspace approximately 6 cm above the polyamide
maintained by the electronic pressure control (EPC) of the 6.6 sample. This rather large distance between the sample

GC. Temperature of the injector was 2%80. The injector

and the SPME fibre was used to prevent fibre breakage due

operated in splittess mode when SPME and MAE samplesto the agitation of the sample vial during extraction. After

were analysed. A split ratio of 1:100 (118 ml/min split flow)
was applied for HS-extractions. A narrow bore liner with

completed extraction the SPME fibre was allowed to desorb
the extracted analytes for 5 min in the injector of the GC-MS.
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Blanks were run between some of the samples and no carry-

over between samples could be observed. The amount of 2- PA
cyclopentyl-cyclopentanone in the samples was determined

by external calibration from solutions of 0.96, 9.6, 28.8, 48.0, PDMS
72.0 and 96.0ng 2-cyclopentyl-cyclopentanqiie¥ieOH.

To construct the calibration-curve 1 ul of each standard so- CW/DVB

lution was extracted under conditions identical to the con-

ditions used to extract the samples. As the sample volumes PDMS/DVB
were only 0.1-1.0% of the vial volume no compensation for

reduced headspace volume using, e.g. inert glass beads was  carPDMS
made. All standards were analysed three times and all the

samples were analysed four times.

0 20 40 60 80 100 120 140
Relative Peak Area (%)

24.3. Mlcrowave_‘?‘SSISted extractlo_n (MAE) Fig. 1. Relative peak areas and standard deviations after triplicate

A MES 1000 microwave extraction system from CEM  extractions from 100ng 2-cyclopentyl-cyclopentanone. Extraction time
(Matthews, NC, USA) was used to extract 2-cyclopentyl- was 30min at 80C. PA: polyacrylate; PDMS: polydimethylsilox-
cyclopentanone from the different polyamide 6.6 samples. ane; CW/DVB: carbowax/divinylbenzene; PDMS/DVB: polydimethylsilox-
1.000 g of powdered polyamide 6.6 was placed in a lined ex- ane/divinylbenzene; CAR/PDMS: carboxen/polydimethylsiloxane.

traction vessel and 10 ml MeOH containing.§ cyclohex- ) 0
anone was added to the vessel. Cyclohexanone was used a@e second best recovery, i.e. 80% of the CAR/PDMS recov-

internal standard to compensate for possible losses of analyteery' The PDMS/DVB fibre also gave good peak symmetry.

during extraction and handling. For each material four sam- o )
ples were extracted simultaneously. The samples were heated-1-2. The equilibrium time for

from ambient temperature to 9C in 10 min. After com-  2-Cyclopentyl-cyclopentanone in the absence of
pleted extraction the samples were allowed to cool to room Polyamide matrix _
temperature and the extract was then filtered throughOd5 The equilibrium time between the headspace and the fi-

Cameo PTFE-filters (GE Waters Technologies, Trevose, PA, bre coating for free 2-cyclopentyl-cyclopentanone, i.e. 2-
USA) into 2 ml screw top vials (Supelco). Pre-concentration ¢yclopentyl-cyclopentanone in the absence of a polymer ma-
was not necessary and the samples were analysed directlyfix, was studied by extraction from 10 ng of 2-cyclopentyl-
by GC—MS in the splitless mode without further preparation. Cyclopentanone for 10-60 min at 80. The extraction pro-
Quantitation was done by constructing calibration curves at file is shown inFig. 2and it clearly shows that when extract-
seven concentration levels: 1.01, 10.1, 101.0, 505.0, 1010.0,ng 2-cyclopentyl-cyclopentanone in the absence of sample
1520.0 and 2020.0 pgl. Each standard solution contained Mmatrix at 80°C, optimal recovery is found after 20 min of

0.5 ng cyclohexanone per microliter and was analysed in trip- €xtraction. It should, however, be noticed that the recovery
licate. decreases upon prolonged heating. Headspace equilibrium is

usually established in less than 30 min and the drop in re-

covery on prolonged heating is probably due to warming up
3. Results and discussion of the SPME fibre, which is known to reduce the amount of

analyte extracted. The standard deviation is rather large at

3.1. Optimisation of headspace extraction variables

120
3.1.1. SPME fibre selection
Five different SPME-fibres were evaluated for the extrac- = 1001
tion of 2-cyclopentyl-cyclopentanonkig. 1 shows the rel- °; 80 | J
ative peak areas after triplicate extractions from 100ng 2- g J
cyclopentyl-cyclopentanone for each type of fibre. The ex- £ 60 | *
traction time was 30min at 8. The CAR/PDMS-fibre & %
showed the highest recovery, but it also showed the low- 2 40 b
est repeatability, with a relative standard deviation (R.S.D.) 3
of 18%. In addition, the 2-cyclopentyl-cyclopentanone T 20
peak showed excessive tailing when extracted with the 0 ' . ' . , ,
CAR/PDMS-fibre. The peak symmetry could not be im- 0 10 20 30 40 5 60 70
proved by increasing the injector temperature as tailing was Extraction Time (min)

still observed at injector temperatures of 2@and 300C. Fio. 2. Extract e after tinlicate extract 1010 2-cvelopentyl

For the following extractions it was decided to use the 2 < =Xtraction profile ater nplicate extractions ol 2Jng 2-cyciopenyl-
. . o d cyclopentanone in LI methanol. A PDMS/DVB fibre was used for the

PDMS/DVB fibre, which showed excellentR.S.D. of 3% an extractions and extraction time was varied from 5 to 60 min &30
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Fig. 3. Recovery profile after extraction from 25 mg powdered Zytel. Ex- .
traction time was 30 min at 8. The samples were incubated at80for & 251 80°C I
0—44 h prior to extraction. o *
z 2] asc
the optimal recovery but decreases at extraction times over é 151 i
40 min. The large standard deviation is explained by chang- <
ing fibre temperature due to warming up of the fibre during ,(26 1
the first 40 min of extraction. © !
@ 051 i .
3.1.3. The equilibrium time for 0 — , ,
2-cyclopentyl-cyclopentanone in powdered samples 0 10 20 30 40
(b) Extraction Time (min)

The time required for reaching equilibrium between the

analyte in the samples and in the headSpace was S'[Udlecli—'ig. 4. Extraction profile after triplicate extractions from 1.00 g powdered

by incubating 25 mg of powder_ed Zytel at 80 Tor 0_44 h _ Zytelat80°C and 50°C using a PDMS/DVB fibre. Extraction times varied
followed by extraction for 30 min. The extraction profile is  from (a) 5 to 60 min and (b) 5 to 30 min.

shown inFig. 3and it clearly shows that equilibrium is found
after 12 h of incubation at 8@C. The long time required for  fibre. The second equilibrium-like state probably represents
reaching the equilibrium is most likely caused by strong hy- equilibrium for the 2-cyclopentyl-cyclopentanone originally
drogen bonding between the analyte and the polymer ma-present inside the polyamide 6.6 powder, at a close distance
trix. The high degree of crystallinity (approximately 50%) of to the outer surface. For the following studies 45 min &t@®@0
polyamide 6.6 may also contribute to the slow diffusion rate. was chosen as the optimum extraction time as the recovery
Thislong equilibrium time reflects the need for rapid methods then was adequate and the extractions showed good repro-
to estimate the 2-cyclopentyl-cyclopentanone content underducibility. In addition, after 45 min the temperature of the
non-equilibrium conditions. SPME fibre was stabilised, which gave better reproducibil-
In addition to the real equilibrium reached after 12 h of ity.
incubation, two equilibrium-like states were observed dur- Figs. 2 and 4a and bhow that the recovery decreases
ing the first 60 min of extraction. The extraction profiles of if the extraction time is extended from the optimum extrac-
2-cyclopentyl-cyclopentanone from powdered Zytel during tiontime. The drop in recovery is not as large when extracting
60 min of extraction at 50C and 80°C are shown irFig. 4a. from a polymer matrix as when extracting free 2-cyclopentyl-
At both temperatures the recovery increased dramatically af-cyclopentanone, i.e. the relative drop in recovery is larger in
ter 30—40 min of extraction. When extracting at°&) the Fig. 2than inFig. 4a and b. This is explained by the con-
extraction profile flattens out after 40 min and the recovery tinuous migration of analyte from the sample matrix during
does not vary with extraction time, i.e. the extraction seems the extraction. If true equilibrium has not been established,
to have reached equilibriunkig. 4b shows the extraction additional analyte will migrate from the sample during ex-
profile at the two temperatures within the first 30 min of ex- traction, thus counteracting the drop in extraction efficiency
traction. As can be seen from the figure, equilibrium-like due to heating of the SPME fibre, i.e. the solid sample acts
conditions were reached also after 20 min af@80and af- as areservoir of analyte, which continues to be released from
ter 30 min at 50C. It is proposed that the equilibrium-like  the matrix. The results reflect the difficulties in finding true
shape of the extraction profile, found during the first 30 min equilibrium conditions for the headspace analysis of volatiles
of extraction, represents the equilibrium between the readily in solid sample matrices. The equilibrium-like shape of the
available “free” 2-cyclopentyl-cyclopentanone on the surface recovery profile may lead to erroneous selection of extraction
of the polyamide 6.6 powder, the headspace and the SPME-conditions, which in turn gives erroneous quantitation.
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Fig. 5. Relative peak areas after triplicate extractions for 20 min 4€80
from 1.000 g Zytel granules using a PDMS/DVB fibre. The samples were
incubated between 1 and 7 h at"&prior to extraction.

3.1.4. Extraction of 2-cyclopentyl-cyclopentanone from
the granules

Fig. 5 shows the relative peak areas of 2-cyclopentyl-
cyclopentanone after solid-phase microextraction for 20 min
at80°C of 1.00 g Zytel granules that were incubated for 1-7 h
at 80°C prior to extraction. The figure clearly shows that
after 5h of incubation at 80C, equilibrium-like conditions
are established between the 2-cyclopentyl-cyclopentanone in
the solid and gaseous phase. A small increase in recovery is,
however, noticed upon prolonged heating, confirming that
true equilibrium is not established. The sample size strongly
affects the time required to reach conditions where the re-
covery varies only little with time, which is desirable for
reproducible extractions. As expected, milling the granules
into powder considerably shortens the extraction time. For
powdered polyamide 6.6 it is enough to extract for 45 min,
whereas polyamide 6.6 granules required 5 h of incubation at
80°C.

3.1.5. Comparison of HS and HS-SPME performance
Table 1shows that the calibration curve correlation coef-
ficients obtained at 120C were acceptable for both HS and
HS-SPME with values of 0.995 or higher. However, when ex-
traction was performed at 8C 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 12, however, at this tempera-
ture the rubber caps of the vials degraded and already after
20 min of extraction at 120C the resulting chromatograms
consisted mainly of very large peaks representing siloxane
compounds formed as a result of silicone rubber degrada-
tion. HS-extractions showed a linear relationship over alarger
range of analyte concentration than HS-SPME extractions,
which in the present study was linear only up to approxi-
mately 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

Table 1

Measured amount of 2-cyclopentyl-cyclopentanone in the five different polyamide 6.6 samplé€ar80120 C using HS-SPME and traditional HS-extraction

HS-SPME

HS

Powder

Powder

Granules
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80°C, 45min ¢2 = 0.993) 120°C, 45 min ¢2 = 0.995) 80°C, 45 min (2 = 0.986)

120°C, 45 min ¢2 = 0.995)

120°C, 5h ¢2 = 1.000)

STD (R.S.D.)

Mean (ng/g)

STD (R.S.D.)

Mean (ng/g)
2554 (5.0)

51444
2998

STD (R.S.D.)

45 (3.3)

Mean (ng/g)

13®

STD (R.S.D.)

22.6 (2.5)
33.2(3.6)
17.5(31.3)
23.3 (4.5)
28.0 (17.3)

Mean (ng/g)

9112

9221

STD (R.S.D)
130 (3.8)
113 (3.8)

Mean (ng/g)

3436

867 (14.3)

6066
5700

Zytel

800 (14.0)

4578 (15.3)

253 (14.0)

1838

2932

Aldrich
Base

06 (1.4)

447

259 (10.3)
427 (4.6)

2507

88 (42.2)
83(12.7)
05 (3.3)

2B
6%
1%

14 (23.2)
7.4 (4.8)
23 (4.1)

320 (14.6)

2192

923

9234

3007

5227

150

Recovered
Compound

82 (8.9)

337 (11.2)

1613

5@®
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120 15min of extraction but higher recovery was found after
30 min of additional heating, i.e. after 45 min. To ensure that
< 1007 ; \ { { the high extraction temperature and long extraction time does
°;; g0 | ¥ ' not cause degradation of 2-cyclopentyl-cyclopentanone, 2-
g " cyclopentyl-cyclopentanone was heated in methanol &€90
% 60 for 45 min. GC-MS analysis showed that the amount of 2-
& cyclopentyl-cyclopentanone in the solution was the same be-
fzj 40 fore and after the heating and hence no analyte degrada-
3 tiontook place. In addition, no 2-cyclopentyl-cyclopentanone
T 20 | degradation products could be observed in the solution after
the heating. Some samples were also extracted with 5 and
0 5 7 20 30 4 80 80 70 15 ml of methanol. Changing the sample-to-solvent volume
Extraction Time (min) did not, however, affect the extracted amount.

Fig. 6. Relative peak areas after MAE of 1.000g Base material in 100ml 3.3. The amount of 2-cyclopentyl-cyclopentanone
methanol. The lined extraction vessel was heated toC9h 10 min and emitted from the different polyamide samples
then maintained for 45 min to complete the extraction.

Table 1 shows the amount of 2-cyclopentyl-
for HS-extractions, 3.91ng at 8C (r*=0.993)and 3.75ng  cyclopentanone extracted from the five polyamide 6.6
at120°C (r2=0.871), than for HS-SPME which could quan-  samples using traditional HS extraction and HS-SPME at
tify atlevels aslowas0.16 ngat8C (*=0.958)and 0.81ng  80°C and 120'C. Under non-equilibrium conditions, sample

at120°C (r?=0.978). HS generally showed better precision, sjze and extraction temperature strongly affected the amount
with most R.S.D.s less than 5%, while R.S.D.s for HS-SPME of 2_Cyc|0penty|-cyc|opentanone emitted from po|yamide

were generally around 10%. 6.6. Due to non-equilibrium conditions during the extraction
the measured amount also depended on the used extraction

3.2. Optimisation of microwave-assisted extraction method: the amount measured after HS-SPME was for

(MAE) all the samples two to five times higher than the amount

measured after HS. This is explained by the differences in

The microwave-assisted extraction was optimised with sampling time between the two methods. Traditional HS
respect to the type of solvent, extraction temperature, ex- sampling removes a selected portion of the gas-phase in a
traction time and sample-to-solvent ratio. Chloroform and few seconds. HS-SPME sampling, however, requires longer
methanol were evaluated as extracting solvents. After extrac-time, in the present study 45min, as the gaseous analyte
tion at 90°C for 30 min highest recovery was achieved using also has to equilibrate with the SPME fibre coating. Hence,
methanol as a solvent. This is attributed to the better com- during HS-SPME sampling there is time for the system
patibility between polar polyamide 6.6 and polar methanol to compensate for the amount of analyte removed by the
compared to polar polyamide 6.6 and non-polar chloroform. SPME-fibre by releasing more analyte into the gas-phase,
Good compatibility gives good swelling of the polyamide 6.6 which gives larger amounts measured by HS-SPME than
matrix and more effective analyte extraction. The difference with traditional HS. This also explains the higher sensitivity
between the two solvents was, however, not very large and theof SPME compared to HS under equilibrium conditions.
amount extracted using chloroform as a solvent was approx- The temperature obviously affects the amount of 2-
imately 90% of the amount extracted using methanol. When cyclopentyl-cyclopentanone emitted from polyamide 6.6.
methanol was used as the extraction solvent, the maximumBoth HS and HS-SPME showed that the amounts emitted at
extraction temperature was 90 due to fusing of polyamide ~ 120°C are approximately 3—10 times higher than the amounts
6.6 at 100°C. emitted at 80C. This is a natural consequence of increased

The effect of extraction time on the recovery of temperature and is described by Henry's law. The amount
2-cyclopentyl-cyclopentanone was studied by extracting of 2-cyclopentyl-cyclopentanone that had migrated from the
1.000 g Base material in 10 ml methanol for different times granules after 5h of incubation at 120 was lower than
varying from 5 to 60 min. The resulting extraction profile the amount that had migrated from the powder after only
is shown inFig. 6. The figure shows that 2-cyclopentyl- 45 min of incubation at 120C. This shows the large effect
cyclopentanone rather rapidly migrates to methanol. The of sample size on the migration rate and equilibrium time.
maximum recovery was achieved first after 45 min, but al- It also confirms that true equilibrium between polyamide
ready after 1 min of extraction approximately 75% of the 6.6 granules and their headspace had not been reached af-
maximum recovery is achieved. This means that most of ter 5h of incubation at 128C. This is also seen from the
the 2-cyclopentyl-cyclopentanone in polyamide 6.6 migrates extraction profile presented kfig. 5as slow increase in the
into the extraction solvent already during heating of the ex- amount of 2-cyclopentyl-cyclopentanone is observed even af-
traction vessel. A tendency to equilibrium was found after ter 5h of incubation. The analyte, thus, continues to migrate
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from the matrix but at a much lower rate. The diffusion of Table 2

2-cyclopentyl-cyclopentanone seems to proceed in two dif- Amount 2-cyclopentyl-cyclopentanone in the five polyamide 6.6 samples
ferent stages with the second stage being considerably slowef'casured after MAE

than the first. The analysis time can, however, be consider-Material Mean (.9/g) STD (1g/g) R.S.D. (%)
ably shortened if the polyamide 6.6 granules are milled to Zytel 1318 044 33
powder prior to testing. g'd“Ch 13(-322 8(2)2 12;
H ase
2-Cyclopentyl-cyclopentanone was the single most abun- Recovered o5 011 oo

dant compound in the chromatograms after HS and SPME cmpound B3 010 75
extractions from the Aldrich, Zytel and Base materials and 75004 sample was extracted by 10 ml methanol a6r 45 min. Cy-
represented more than 95% of the total peak area. In the eX<lohexane was used as internal standard at 0;8righe calibration curve
tractions from Compound, however, 2,4tdit-butylphenol correlation coefficientr€) was 0.996.
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 degra- times higher than the amount extracted from the other sam-
dation of the additive tris(2,4-dert-butylphenyl)phosphite  ples. Furthermore, the lowest amount was extracted from
which is known under trade names like Irgafos 168, Nau- the Base material and less than half of the amount ex-
guard 524 and Ultranox 626. In the extractions from the Re- tracted from the Recovered material was extracted from the
covered material large amount of compounds with typical Compound.
alkane and alkene mass spectra were found. In these chro- The emitted amount of 2-cyclopentyl-cyclopentanone
matograms the 2-cyclopentyl-cyclopentanone peak area repmeasured by HS and HS-SPME was correlated to the to-
resented less than 10% of the total peak area. The presence ahl amount measured after MAE. The time for HS ther-
aliphatic compounds indicates that the Recovered polyamidemostating and HS-SPME extractions was 45 min, i.e. the
6.6 may contain lubricants or be contaminated by polyolefins. analysis was performed under non-equilibrium conditions.
After MAE extractions the cyclic polyamide 6.6 repeating Fig. 7 shows the relationship between HS and MAE ex-
unit with molecular mass 226 g/mol was the most abundant tractions andFig. 8 shows the correlation between HS-
compound in all the chromatograms. However, in the MAE SPME and MAE extractions. The amount 2-cyclopentyl-
extracts of the Compound 2,4-tiift-butylphenol was also  cyclopentanone emitted from the samples measured by
detected. the developed non-equilibrium headspace methods was
The Base material emitted very low amounts of 2- found to be in rather good correlation with the total
cyclopentyl-cyclopentanone. As the Compound material amount in the samples measured by MAE. This shows
consisted of 47% Recovered material, 20% Base material,that it is possible to estimate the amount of 2-cyclopentyl-
30% glass-fibres and 3% additives, this means that the amountyclopentanone in polyamide 6.6 using headspace mea-
of 2-cyclopentyl-cyclopentanone emitted from the compound surement without establishing true equilibrium and without
should be approximately half of the amount emitted from compensating for volume or matrix effects. The headspace
the Recovered material. The measured amounts are, howtechniques could, thus, be applied to rapidly compare or
ever, only 25-40% of the amount emitted from the Re- quality control different samples with respect to their 2-
covered material. This is explained by degradation of 2-
cyclopentyl-cyclopentanone during compounding and is in

agreement with our earlier results that showed degradation 12
of 2-cyclopentyl-cyclopentanone during repeated processing YP120 = 0.064x + 0.089
[25] . R%=09716
yG120 = 0.023x + 0.0174
R“=0.9706

3.4. Correlation between headspace measurements and
the amounts measured by MAE

o
[

yP80 = 0.0113x + 0.0084
R%=0.9531

L]

Multiple headspace solid phase microextraction (MHS-
SPME) showed that the recovery of 2-cyclopentyl-

HS (microg/g)
(=]
o

0.4 1
cyclopentanone by the developed MAE method was ap- =
proximately 80%[32]. The amounts measured after MAE 021
were, however, in the present study used as an approxi- =
mation of the total contenfTable 2shows the amount of 0 LE , :
2-cyclopentyl-cyclopentanone in the five polyamide sam- 0 5 10 15

ples determined after MAE. These MAE results are in MAE (microg/g)

gOOd agreement with the emitted amounts measured by theFig. 7. Correlation between 2-cyclopentyl-cyclopentanone content mea-

two headspace techniques, i.e. the amount of _Z'CyCIOpentyl'sured by traditional HS-extraction and after MAE. P120: powder°20
cyclopentanone extracted from Zytel and Aldrich was 5-10 G120: granules 120C; and P80: powder 8CC.
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6
5| ¥120=03126x-0.1550 +
R?= 0.8504
B 471 y80=00424x+ 00249
2 R?= 0.9956
S 3
E
»
I 2
1 4
0 . .
0 5 10 15

MAE (microg/g)

Fig. 8. Correlation between 2-cyclopentyl-cyclopentanone content mea-
sured after HS-SPME and after MAE. y120: powder 12@nd y80: powder
80°C.

cyclopentyl-cyclopentanone or other volatile contents. When
HS-extraction was used the correlation was better af €20
than at 80C but when HS-SPME was used the cor-
relation was best at 8€C. The measurement is hence
preferably made with HS at 12€ or with HS-SPME at
80°C.

4. Conclusions

A correlation was found between the amount 2-
cyclopentyl-cyclopentanone emitted from polyamide 6.6
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