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Multiple headspace solid-phase microextraction of
2-cyclopentyl-cyclopentanone in polyamide 6.6: possibilities and

limitations in the headspace analysis of solid hydrogen-bonding matrices
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Abstract

The interactions between a polar analyte, 2-cyclopentyl-cyclopentanone, and a solid polar matrix, polyamide 6.6, during multiple headspace
solid-phase microextraction (MHS-SPME) were studied. Strong hydrogen bonding between the analyte and the matrix was observed and
s of multiple
h titation was
a none. The
a space solid-
p ns
w te recovery
b S-SPME.
©

K

1

t
m
p
p
u
t
u
v
c
m
p

ass
tical
h as
tion
and
in-
ion,
may
mato-
(HS)

sy-
is the
ices
trac-
lter-

and
ass

0
d

hown to cause slow migration and adsorption of the analyte. These matrix effects led to erroneous quantitation despite the use
eadspace extraction. Addition of water disrupted the hydrogen bonding between the analyte and the matrix and a valid quan
chieved. The addition of water also increased the sensitivity and allowed the identification of 2,5-bis(cyclopentyl)-1-cyclopenta
mount of 2-cyclopentyl-cyclopentanone in five different polyamide 6.6 samples was measured using the developed multiple head
hase microextraction method with water-displacer. The measured concentrations were in the range of 1.44–15.61�g/g. These concentratio
ere up to 30% higher than the concentrations measured after microwave-assisted extraction (MAE), which indicates incomple
y MAE. The use of water as a displacer eliminated the matrix effects and complete recovery of the analyte was achieved by MH
2004 Elsevier B.V. All rights reserved.
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. Introduction

Additives, side-products from polymerisation, degrada-
ion products and residual monomers are some of the low
olecular mass compounds frequently present in plastic
roducts. In most of the plastic applications, it is highly im-
ortant to know the identity and amount of these low molec-
lar mass compounds, as they will eventually migrate from

he products into the surrounding environment. If plastics are
sed for implants in the body, as packaging materials or in
ehicle interiors, this information is required for toxicologi-
al reasons. The polymer producing and processing industry
easures the amount of additives, residual monomer or side-
roducts to quality control their products.

∗ Corresponding author. Tel.: +46 8 790 8271; fax: +46 8 100 775.
E-mail address:minna@polymer.kth.se (M. Hakkarainen).

The identification and quantitation of low molecular m
compounds in solid matrices is an important analy
challenge. Traditionally, solvent-based techniques suc
microwave-assisted extraction (MAE) or Soxhlet extrac
are used. They are limited by being rather time, solvent
labour consuming[1–5]. Solvent-based techniques also
volve a risk of losing volatiles during sample preparat
extraction and clean-up. In addition, volatile analytes
be masked by the solvent peak in the subsequent chro
graphic analysis. Due to these limitations, headspace
extraction, i.e. sampling the gaseous analytes with a
ringe from the headspace above the heated sample,
favoured technique to extract volatiles from solid matr
[6–11]. More recently, headspace solid-phase microex
tion (HS-SPME) has emerged as a rapid and efficient a
native[12–20]. The principles of headspace extraction
some of its applications in analysis of low molecular m
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compounds in polymers are discussed in a review by Bart
[21]. Quantitative analysis of volatiles in solids is a difficult
task regardless if solvent based- or headspace techniques are
used. This is mainly due to the difficulties in preparing spiked
samples for calibration as it is often impossible to properly
mix solid matrices with volatiles. In addition, many solid
matrices exert strong matrix effects that must be eliminated
for valid quantitation. Multiple headspace extraction (MHE)
involves consecutive headspace sampling from the same sam-
ple vial. The theory considers the extractions to be carried out
ad infinitum, i.e. until all analyte is removed from the sam-
ple. The evident advantages of MHE are hence the complete
recovery of analyte and the elimination of matrix effects. In
practice, a limited number of extractions are carried out and
the peak area corresponding to the total amount is obtained
by extrapolation. MHE was developed in the 1970’s by Kolb
and is described in several papers[22–25]and a book[26].
MHS-SPME has been applied for determination of volatiles
in multilayer packaging[27–30]and BTEX in soil[31]. MHE
with traditional HS has, e.g. been applied for determination
of volatiles in cellulose-based packaging[32–34].

2-Cyclopentyl-cyclopentanone has earlier been identi-
fied as one of the major volatile compounds in polyamide
6.6 [35–42]. We have previously studied the emission of
2-cyclopentyl-cyclopentanone from polyamide 6.6 by HS-
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pounds. The polyamide 6.6 granules were milled into a fine
powder using a Retsch (Hann, Germany) ZM1 centrifu-
gal mill with a screen of 1.0 mm diameter holes. Prior to
milling, the polymer granules were immersed in liquid ni-
trogen for 10 min to prevent melting of polymer and loss
of analyte due to the heat evolved during milling. Addi-
tional liquid nitrogen was dripped into the mill during the
milling.

2.2. SPME-fibre and chemicals

A 65�m StableFlex polydimethylsiloxane/divinylben-
zene (PDMS/DVB) fibre from Supelco (Bellafonte, PA,
USA) was used for SPME. Quantitation was done by prepar-
ing calibration solutions of 2-cyclopentyl-cyclopentanone
(>99%) from Lancaster (Lancashire, UK) dissolved in
methanol (≥99.9%) from Fluka (Buchs, Germany). In some
samples, chromatography-grade water (Merck, Darmstadt,
Germany) was used as a displacer. In the microwave-
assisted extractions cyclohexanone (≥99.9%) from Poly-
Science (Niles, IL, USA) was used as an internal standard
and the previously mentioned methanol as a solvent.

2.3. Gas chromatography–mass spectrometry (GC–MS)
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PME and external calibration[43]. The aim of the prese
tudy was to investigate the interactions between pola
lytes and solid polar matrices and the effect of th

nteractions on the MHS-SPME analysis. Understan
hese effects ensures correct quantitation and allows th
f MHE in the quantitative determination of polar analy

n solid polar matrices. 2-Cyclopentyl-cyclopentanone
olyamide 6.6 were selected as model analyte and matri
multiple headspace microextraction method for quantit
nalysis of 2-cyclopentyl-cyclopentanone in polyamide
as developed.

. Experimental

.1. Materials

Five different polyamide 6.6 grades were used: un
ilised but lubricated Zytel 101 L from DuPont (Stoc
olm, Sweden), unstabilised laboratory grade polyam

rom Sigma–Aldrich (Aldrich, Milwaukee, WI, USA), unst
ilised industrial grade polyamide Domamid 33ABH fr
omo (Leuna, Germany), recovered in-plant polyam
aste and, lastly, a commercial 30 wt.% glass-fibre r

orced grade containing 47% of the recovered waste
0% of the industrial grade polyamide. The commer
ompound also contained some additives. The five ma
ls will hereafter be designated Zytel, Aldrich, Base, Re
red and Compound, respectively. The Base, Recovere
ompound materials were generously supplied by Poly

Ystad, Sweden), a major Swedish producer of plastic c
Chromatographic separation and mass spectrometr
ection was performed using a ThermoFinnigan (Sańe,
A, USA) GCQ GC–MS system. A Gerstel (M̈ulheim and
er Ruhr, Germany) MPS2 autosampler was used bot
S-SPME and for the injection of extracts from MAE. T
C was equipped with a 30 m WCOT Varian (Lake For
A, USA) CP-Wax 52 CB column with 0.25 mm inner
meter and a 0.25�m thick stationary phase. The GC w
rogrammed to start at 40◦C, hold the temperature for 1 m
nd then increase the temperature by 10◦C/min to 180◦C.
his temperature was held for 1 min and lastly any h
oiling compounds were eluted by heating the colum
70◦C at 30◦C/min and keeping it at 270◦C for 15 min. He

ium of 99.9999% purity from AGA (Stockholm, Swede
as used as a carrier gas at a constant average linear

ty of 40 cm/s maintained by the electronic pressure co
EPC) of the GC. The injector operated in splitless m
t 250◦C. A narrow bore liner with 2 mm inner diame
as used for SPME whereas a 4 mm inner diameter
as used for liquid injections from MAE samples. The te
eratures of the transfer line and ion source were 275
80◦C, respectively. The mass spectrometer scanned
ange of 35–400m/z with a scan time of 0.43 s. Data w
valuated using the Xcalibur 1.2 software. In the extrac
rom the Compound 2-cyclopentyl-cyclopentanone co-el
ith another product and the quantitation was made

econstructed ion chromatograms (RIC) by plotting th
yclopentyl-cyclopentanone base peak ofm/z = 84. For al
he other materials, the peak areas were calculated by
rating the total ion current (TIC).



M. Gröning, M. Hakkarainen / J. Chromatogr. A 1052 (2004) 61–68 63

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

Samples were extracted in 20 ml clear glass vials (Supelco,
Bellafonte, PA, USA) sealed with magnetic silicone/PTFE
crimp caps (Varian, Lake Forest, CA, USA). The vials were
equilibrated and extracted in the autosampler agitator with
the agitator working in cycles of 5 s with agitation at 500 rpm
followed by 2 s without agitation. The fibres were exposed
to the headspace approximately 6 cm above the polyamide
6.6 sample. This rather large distance between the sample
and the SPME fibre was used to prevent fibre breakage due
to the agitation of the sample vial during extraction. The ex-
tracted analytes were desorbed for 5 min in the injector of the
GC–MS. Blanks were run between some of the samples and
no carry-over could be observed.

2.5. Microwave-assisted extraction

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.
The development of the MAE method is described in a pre-
vious paper[43]. 1.000 g of powdered polyamide 6.6 was
placed in a lined extraction vessel and 10 ml MeOH contain-
ing 5�g of cyclohexanone was added to the vessel. Cyclo-
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Fig. 1. 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.

figure shows that under the given conditions the dynamic
range of the PDMS/DVB fibre is linear for the extractions
from 1 to 100 mg of Zytel, The correlation coefficient was
0.9977. It was decided to use 75 mg of sample for the extrac-
tion 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 fibre. To make sure that the
linear dynamic range of the fibre was never exceeded, the
peak area after the 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.

3.2. Extraction profiles

Quantitation by MHS-SPME can be done under non-
equilibrium conditions. Although the extraction can be
stopped before the equilibrium is reached, it is desirable to
continue the extraction until the extraction profile shows lit-
tle variation in extracted amount with extraction time, as this
improves the reproducibility.Fig. 2shows the extraction pro-
files for 25 mg of Zytel extracted for 30 min at 80◦C (cir-
cles) and for 30 mg of Zytel extracted for 20 min at 90◦C
(squares). Two hundred and fifty microliters of water was
added to the sample extracted at 90◦C. The samples were
i d
1 re
u ot be
c areas.
T ax-
i ig-
n hen
i of a
d at-
i er,
a ned
exanone was used as an internal standard to compens
ossible losses of analyte during the extraction and
ling. For each material, four samples were extra
imultaneously. The samples were heated from ambient
erature to 90◦C in 10 min and the temperature was th
aintained at 90◦C for 45 min. After completed extraction

he samples were allowed to cool to room temperature an
xtracts were filtered through 0.45�m Cameo PTFE-filter
GE Waters Technologies, Trevose, PA, USA) into 2 ml sc
op vials (Supelco, Bellafonte, PA, USA). Pre-concentra
as not necessary and the samples were analysed d
y GC–MS in the splitless mode without further preparat
uantitation was done by constructing seven point calibra
urves. The concentrations for the calibration solutions
.01, 10.1, 101.0, 505.0, 1010.0, 1520.0 and 2020.0 p�l.
ach standard solution also contained 0.5 ng cyclohexa
er microliter as an internal standard and was analys

riplicate.

. Results and discussion

.1. Linear range of the SPME-fibre

The first parameter to study during the development
HS-SPME method is the linear dynamic range of the SP

bre. If the linear dynamic range is exceeded, the amou
nalyte extracted in successive extractions will not deca
onentially.Fig. 1 shows the normalised peak areas for
xtractions from 1 to 1000 mg of polyamide 6.6 (Zytel). T
xtraction time and temperature were 45 min and 80◦C. The
ncubated between 0 and 25 h at 80◦C or between 0 an
0 h at 90◦C before the extraction. Different fibres we
sed to construct the curves and they should hence n
ompared to each other with respect to absolute peak
he curves are shown normalised with respect to their m

mum recovery and they primarily aim to point out the s
ificant reduction in time required to optimal recovery w

ncubating at higher temperature and in the presence
isplacer. At 80◦C, the extracted amount increased dram

cally with time during the first 10 h of extraction. Howev
fter approximately 10 h of extraction the curve flatte
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Fig. 2. The extraction profiles of 25 mg Zytel extracted for 30 min at 80◦C
(circles) and 30 mg Zytel extracted for 20 min at 90◦C together with 250�l
water as a displacer (squares). The samples were incubated for up to 25 h
prior to extraction.

out. The long time required to reach the optimal recovery
is probably due 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 showed little variance with respect to ex-
traction time. The significantly shorter time required for
reaching the optimal recovery is a result of the increased
temperature, which increases the migration rate, and the ad-
dition 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 10 times faster if the tempera-
ture is increased from 80 to 90◦C and water is added as a
displacer.

Table 1
The amount of 2-cyclopentyl-cyclopentanone measured in Zytel using MHE

n = 3 Amount (�g/g) Equation

Mean± S.D. Slope

Amount sample (80◦C)
50 mg 3.97± 0.08 −0.29± 0
75 mg 3.90± 0.53 −0.21± 0

Temperature
.39± 0
.21± 0
.04± 0

I
.21± 0

0.81±
W

.20± 0

E perfor

3.3. Optimisation of extraction parameters

The regression line for the plot of logarithms of the peak
areas obtained in consecutive multiple headspace extractions
versus the extractions should have a correlation coefficient
of at least 0.998 to show that the matrix effects are truly ab-
sent. However, the repeatability of SPME is lower than the
repeatability of conventional HS, and somewhat lower corre-
lation 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 tem-
perature, incubation time and addition of a displacer on the
measured amount of 2-cyclopentyl-cyclopentanone in Zytel
and the characteristics of the corresponding linear regres-
sion lines are shown inTable 1. The 75 mg Zytel sample
extracted at 80◦C 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 be-
tween 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�g/g.

The extraction temperature, however, strongly influenced
the measured concentrations. After MHS-SPME at 50◦C,
t none
w ra-
t w
c
a
t pec-
t tion
p
s ex-
t s.
T ond
t ens
50◦C, 75 mg 0.47± 0.00 −0
80◦C, 75 mg 3.90± 0.53 −0
120◦C, 25 mg 96.07± 17.57 −0

ncubation (80◦C)
0 h, 75 mg 3.90± 0.53 −0
25 h, 10 mg 2.08± 0.15 −
ith modifier (90◦)
30 mg 15.61± 1.22 −0

ach value is an average of three measurements. The extraction was
-SPME under various conditions

Correlation

Intercept r2 ± S.D.

.01 17.58± 0.07 0.995± 0.002

.03 17.36± 0.02 0.975± 0.019

.04 16.03± 0.09 0.936± 0.029

.03 17.36± 0.02 0.975± 0.019

.01 15.22± 0.04 0.686± 0.020

.03 17.36± 0.02 0.975± 0.019
0.10 15.05± 0.14 0.968± 0.025

.03 16.63± 0.28 0.991± 0.021

med for 45 min.

he measured concentration of 2-cyclopentyl-cyclopenta
as 0.47�g/g. At 80 and 120◦C, the measured concent

ions were 3.90 and 96.07�g/g, respectively. The very lo
orrelation coefficient of 0.686 obtained at 120◦C immedi-
tely tells that the measurement is invalid. At 50 and 80◦C,

he correlation coefficients were 0.936 and 0.975, res
ively. However, a close examination of the two extrac
lots shows that both measurements are invalid.Fig. 3A
hows the extraction plot obtained after six consecutive
ractions from 75 mg Zytel at 50◦C versus the extraction
he extraction plot is approximately linear from the sec

o the fifth extraction. However, the extraction plot flatt
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Fig. 3. 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.

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 devi-
ations from linearity in the beginning and at the end of the
extraction plot result in a rather poor average correlation coef-
ficient of 0.936. The two parts of the extraction plot deviating
from linearity, i.e. the beginning and the end, are concluded
to represent two different phenomena which are together re-
sponsible for the erroneous measurement at 50◦C. The rela-
tively 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 extrac-
tion. In the first extraction, the readily available analyte is
extracted from the sample. In the second extraction, the an-
alyte has not had time to migrate from inside the polyamide
6.6 powder to replace the analyte removed in the first extrac-
tion. In the third 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 80◦C
is shown inFig. 3B. Again the extraction plot flattens out
between the fifth and the sixth extraction, showing the ad-
sorption of analyte by the matrix also at this temperature. At
80◦C, 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
Fig. 3B, 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-fibre 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�g/g. This consider-
ably higher value also reflects the faster migration rate at the
higher temperature. However, due to the adsorption of the
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nalyte, shown by the flattening of the extraction plot,
alue is also considered erroneous.

At higher temperature, the faster migration rate may
ease more analyte into the headspace than what is rem
y the SPME-fibre in the first extraction, giving an extr

ion plot with a positive slope between the first and the
nd extraction. This is seen inFig. 3C, which shows th
5 min extractions of 25 mg powdered Zytel at 120◦C. A
mall tendency to adsorption of analyte may be notice
he extraction plot flattens out slightly between the fifth
ixth extractions. The concentration measured at 120◦C was
6.07�g/g, but again the very poor average correlation c
cient of 0.686, together with the non-linear extraction p
ndicates erroneous results.

To overcome the problem of slow diffusion of analyte
he solid matrix, 10 mg samples of powdered Zytel were
ubated for 25 h at 80◦C prior to the 45 min extraction
0◦C. The resulting extraction plot is shown inFig. 3D. The
verage slope of the regression line is quite high:−0.83,
howing that large amounts of analyte are removed b
PME-fibre in each extraction step. Hence, larger amou
nalyte has been made available by migration from the
le to the headspace during incubation. The plot shows r
ood linearity during the first four extractions. However,
nalyte is still adsorbed by the matrix as the extraction
attens out after the fourth extraction. The concentratio
-cyclopentyl-cyclopentanone in Zytel was measured t
.08�g/g when samples were incubated for 25 h at 8◦C
rior to extraction. Although the correlation coefficient
.968 is quite high, the shape of the extraction plot tells

he measurement was still not valid.
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Table 2
The amount of 2-cyclopentyl-cyclopentanone measured in five different
polyamide 6.6 samples using MAE and standard addition (SA)

Material MAE (n = 4) SA (n = 3)

Mean (�g/g)± S.D. Mean (�g/g)± S.D. r2

Zytel 13.18± 0.44 3.58± 0.11 0.985± 0.003
Aldrich 13.30± 0.28 3.65± 0.12 0.993± 0.002
Base 0.48± 0.09 0.17± 0.01 0.989± 0.009
Recovered 4.95± 0.11 0.87± 0.22 0.984± 0.008
Compound 1.33± 0.10 0.49± 0.09 0.968± 0.027

3.4. Standard addition to verify 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 0–48 ng
were added. The samples were stored for 24 h in room tem-
perature to allow equilibrium between the solid sample and
the added analyte prior to extraction for 45 min at 80◦C.
The amount of 2-cyclopentyl-cyclopentanone in the samples
was calculated by extrapolating the linear regression line to
the intercept with thex-axis, which corresponds to the con-
centration 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 inTable 2. The concentrations obtained after MAE
are also shown for comparison.Table 2shows that for all the
samples standard addition gives approximately 20–40% 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 additional
analyte too small. Higher amounts would probably have been
measured if the samples had been incubated for a sufficiently
l stan-
d line
t r
a

3

ntyl-
c le for
t atrix.
T ntita-
t HS-
S me
b m of
a orp-
t with
h f the
m lacer
p ide

Fig. 4. The extraction plot of six consecutive 30 min extractions from 25 mg
Zytel at 90◦C in the presence of 250�l water. The water acted as a displacer
and eliminated the matrix effects.

6.6 and it is, thus, expected to be an efficient displacer. The
volume of water was adjusted to completely cover the pow-
dered sample, which for 25 mg of powder corresponded to
250�l. When 50 mg samples, containing lower amounts of
2-cyclopentyl-cyclopentanone, were used, they required the
addition of 300�l of water. A constant volume of displacer
should always be used as it affects the headspace volume and,
consequently, the sensitivity of the extraction. The sensitiv-
ity is also reduced if the analyte is soluble in the displacer.
Larger volume of displacer solvates larger amount of ana-
lyte and reduces the sensitivity even more. 2-Cyclopentyl-
cyclopentanone is not soluble in water and it aids in
increasing the headspace concentration of 2-cyclopentyl-
cyclopentanone by excluding it from the adsorption sites
of the matrix. 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 sam-
ples. In the HS-SPME chromatograms from the Com-
pound, the peak corresponding to 2,5-bis(cyclopentyl)-1-
cyclopentanone co-eluted with a large peak correspond-
ing 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, eas-
ily be identified in the extractions from the other samples
a the
B 2,5-
b the
c

red
Z
w an
a E-
S near
t ad-
s ng of
t line,
ong time to reach true headspace equilibrium before
ard was added. This would have shifted the regression

o larger peak areas and made it cross thex-axis at highe
mounts.

.5. Extraction in the presence of displacer

The strong hydrogen bonding between 2-cyclope
yclopentanone and the polar polyamide 6.6 is responsib
he previously discussed adsorption of analyte by the m
hese matrix effects cause a significant error in the qua

ive measurement of 2-cyclopentyl-cyclopentanone by M
PME. Although the slow migration rate may be overco
y incubating the samples prior to extraction, the proble
dsorption of analyte by the matrix still remains. The ads

ion of analyte may be suppressed by adding a compound
igher affinity than the analyte to the adsorption sites o
atrix. In the present study, water was selected as a disp
rimarily as it is known to be easily adsorbed by polyam
nd was found in relative abundances of 1:3:3:2 in
ase:Aldrich:Zytel:Recovered samples, respectively.
is(Cyclopentyl)-1-cyclopentanone was not detected in
hromatograms after MAE.

Fig. 4 shows the extraction profile of 25 mg powde
ytel extracted at 90◦C for 30 min in the presence of 250�l
ater. The extraction profile shows good linearity with
verage correlation coefficient of 0.991, which for MH
PME is considered satisfactory. The extraction plot is li

hroughout the multiple extractions and no tendency to
orption can be noticed. Although there is some spreadi
he individual data points relative to the linear regression
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Table 3
The measured concentrations of 2-cyclopentyl-cyclopentanone in five different polyamide 6.6 samples after MHS-SPME with water-displacer and MAE

Material MAE (n = 4) MHS-SPME (n = 3) MHS-SPME/MAE

Mean (�g/g)± S.D. (R.S.D. %) Mean (�g/g)± S.D. (R.S.D. %) r2

Zytel 13.18± 0.44 (3.3) 15.61± 1.22 (7.8) 0.991± 0.02 1.184
Aldrich 13.30± 0.28 (2.1) 15.30± 2.11 (13.8) 0.995± 0.00 1.150
Base 0.48± 0.09 (18.8) 1.44± 0.39 (27.1) 0.980± 0.00 3.000
Recovered 4.95± 0.11 (2.2) 4.87± 0.37 (7.6) 0.989± 0.02 0.984
Compound 1.33± 0.10 (7.5) 1.76± 0.06 (3.4) 0.993± 0.01 1.301

The ratios between the concentrations measured after MHS-SPME and MAE are also given.

the variation is random and caused by the poorer reproducibil-
ity 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�g/g.

3.6. Validation of MHS-SPME method

To validate the developed MHS-SPME method, the con-
centrations 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 mea-
sured concentrations after MHS-SPME and MAE are shown
in Table 3. Table 3shows 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 concen-
trations measured after MHS-SPME were up to 30% higher
than the concentrations measured after MAE. As it was shown
that the developed MHS-SPME method eliminated the ma-
trix effects and MAE rarely gives 100% complete extraction,
the concentrations measured using MHS-SPME were consid-
e AE
w

bly
l tive
e one
s the
e ol-
i of
t ver-
i hich
r es of
M itiv-
i and
i ad-
d ays
b ques
f ov-
e ples,
w

4. Conclusions

Addition of water as a displacer eliminated the matrix
effects and allowed quantitative measurement of 2-
cyclopentyl-cyclopentanone in polyamide 6.6 by MHS-
SPME. Without the addition of water, matrix effects, caused
by hydrogen bonding between the analyte and the polyamide
matrix, caused slow migration and adsorption of analyte,
which ultimately led to invalid quantitation. The use of
water as a displacer also increased the sensitivity of HS-
SPME and allowed the identification of 2,5-bis(cyclopentyl)-
1-cyclopentanone among the volatile compounds. During the
development of a MHS-SPME method, several consecutive
extractions have to be performed to ensure that there are no
disturbing matrix effects present.
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68 M. Gröning, M. Hakkarainen / J. Chromatogr. A 1052 (2004) 61–68

[14] O. Ezquerro, B. Pons, M.T. Tena, J. Chromatogr. A 963 (2002) 381.
[15] M. Eriksson, J. Faldt, G. Dalhammar, A.K. Borg-Karlson, Chemo-

sphere 44 (2001) 1641.
[16] T.J. Clark, J.E. Bunch, J. Agric. Food Chem. 45 (1997) 844.
[17] M. Hakkarainen, A.-C. Albertsson, S. Karlsson, J. Environ. Polym.

Degrad. 5 (1997) 67.
[18] M. Hakkarainen, M. Gr̈oning, A.-C. Albertsson, J. Appl. Polym. Sci.

89 (2003) 867.
[19] M. Hakkarainen, Polym. Degrad. Stabil. 80 (2003) 451.
[20] M. Hakkarainen, J. Chromatogr. A 1010 (2003) 9.
[21] J.C.J. Bart, Polym. Test. 20 (2001) 729.
[22] B. Kolb, P. Pospisil, Chromatographia 10 (1977) 705.
[23] B. Kolb, Chromatographia 15 (1982) 587.
[24] B. Kolb, P. Pospisil, M. Auer, Chromatographia 19 (1984) 113.
[25] B. Kolb, L.S. Ettre, Chromatographia 32 (1991) 505.
[26] B. Kolb, L.S. Ettre, Static Headspace–Gas Chromatography: Theory

and Practice, Wiley-VCH, New York, 1997.
[27] O. Ezquerro, B. Pons, M.T. Tena, J. Chromatogr. A 985 (2003) 247.
[28] O. Ezquerro, B. Pons, M.T. Tena, J. Chromatogr. A 999 (2003) 155.
[29] O. Ezquerro, B. Pons, M.T. Tena, J. Chromatogr. A 1020 (2003)

189.

[30] O. Ezquerro, B. Pons, M.T. Tena, J. Chromatogr. A 1008 (2003)
123.

[31] O. Ezquerro, G. Ortiz, B. Pons, M.T. Tena, J. Chromatogr. A 1035
(2004) 17.

[32] T. Wenzl, E.P. Lankmayr, J. Chromatogr. A 897 (2000) 269.
[33] T. Wenzl, E.P. Lankmayr, J. Sep. Sci. 24 (2001) 885.
[34] T. Wenzl, E.P. Lankmayr, Anal. Bioanal. Chem. 372 (2002) 649.
[35] M. Gröning, M. Hakkarainen, J. Chromatogr. A 932 (2001) 1.
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