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Abstract

A method for the determination of stale-flavor carbonyl compounds includingE-2-octenal, E-2-nonenal,E,Z-2,6-
nonadienal andE,E-2,4-decadienal in beer was developed using stir bar sorptive extraction (SBSE) with in-situ
derivatization followed by thermal desorption–GC–MS analysis. The derivatization conditions withO-(2,3,4,5,6-penta-
fluorobenzyl)hydroxylamine and the SBSE conditions–sampling mode, salt addition, sample volume, polydimethylsiloxane
volume (sample/polydimethylsiloxane phase ratio) and extraction time—were examined. The method showed good linearity

21over the concentration range from 0.1 to 10 ng ml for all analytes and the correlation coefficients were higher than 0.9993.
21The limits of detection ranged from 0.021 to 0.032 ng ml for all analytes. The recoveries (98–101%) and precision (RSD

212.4–7.3%) of the method were examined by analyzing beer samples fortified at the 0.5-ng ml level. The method was
successfully applied to low-level concentration samples.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction papery/cardboard stale-flavor in beer [1,4–6]. Al-
though several hypotheses, e.g.Strecker degradation

It is generally recognized that the flavor stability of amino acids [7], oxidative degradation of iso-
of beer is highly dependent on storage temperature, humulones [8], oxidation of fatty acids [3,4] and
pH, oxygen level and exposure to ultraviolet (UV) aldol condensations [9], were reported, the mecha-
light [1–4]. Oxidatively produced unsaturated car- nism contributing to the generation ofE-2-nonenal is
bonyl compounds play a major role in the develop- still not clear.E-2-Octenal,E,Z-2,6-nonadienal and
ment of stale-flavor in beer.E-2-Nonenal has re- E,E-2,4-decadienal were also mentioned as the com-
ceived special attention as the major source of the pounds responsible for stale-flavor of beer [10,11].

These compounds have a low odor threshold. The
odor threshold concentrations were reported to be as*Corresponding author. Tel.:181-422-525-645; fax:181-422-

21low as 0.1–0.3 ng ml [4,12]. Although the human525-966.
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analysis is not always reliable because there are large those of SPME, and therefore the sensitivity of the
differences in the response, not only between in- technique, but the enrichment factor is|100 times
dividuals, but also of an individual from day to day higher.
[13,14]. To examine the staling process of beer, The aim of this paper was to apply SBSE with
these stale-flavor compounds have to be determined derivatization combined with GC–MS to determine

21by not only sensory analysis, but also reliable and less than sub-ng ml levels of stale-flavor carbonyl
highly sensitive instrumental analysis. Usually, it is compounds includingE-2-octenal,E-2-nonenal,E,Z-
essential to have extraction or enrichment steps with 2,6-nonadienal andE,E-2,4-decadienal in beer. After
or without derivatization and clean-up steps before extraction, the analytes were thermally desorbed in a
HPLC or GC analyses because of the trace level of thermal desorption system (auto-sampler) followed
analytes and complicated matrices such as beer. by GC–MS analysis.
There are a variety of extraction or enrichment
techniques for the determination of stale-flavor car-
bonyl compounds orE-2-nonenal in beer, e.g. liq- 2 . Experimental
uid–liquid extraction (LLE) [15–18], low-pressure
or steam distillation [5,19], low-pressure distillation 2 .1. Materials
followed by purge and trap (P&T) with Tenax TA
[10], and solid-phase extraction [4,6,20]. A simple E-2-Octenal,E-2-nonenal,E,Z-2,6-nonadienal and
and easy method to decrease the interference causedE,E-2,4-decadienal were purchased from Wako
by the beer matrix is to use derivatization of (Osaka, Japan). The stock standard solution con-

21carbonyl compounds. 2,4-Dinitrophenylhydrazine taining each carbonyl compound at 1 mg ml in 10
(2,4-DNPH) [5,15], dansylhydrazine [20] andO- ml of ethanol was prepared and kept at220 8C. The
(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBH- stock standard solution was diluted with ethanol to
A) [4,17] were used as derivatizing agents. Although prepare the working standard solutions. The de-
several methods for the determination of underiva- rivatizing reagent PFBHA (Wako) was dissolved in

21tized carbonyl compounds orE-2-nonenal were natural mineral water at 10 mg ml . Analytical
reported, these methods require extensive separation grade sodium chloride (NaCl) was purchased from
or enrichment steps [10,16,18–20]. Recently, solid Wako. The NaCl was previously heated at 4008C for
phase microextraction (SPME), which is a simple, 12 h. All beer samples used in this study were
solvent-free technique requiring only a small sample Pilsner-type and were obtained in Japan. Beer sam-
volume, was applied to the determination of un- ples were placed in a refrigerator at24 8C before
derivatized E-2-nonenal andE,E-2,4-decadienal in use. Accurately weighed amounts of 0.90–6.0-g
beer [11]. However, the sensitivity is considered to samples were diluted 10-fold in natural mineral
be low when compared with the traditional tech- water.
niques. The limit of detection (LOD) obtained by the
SPME method could not achieve the odor threshold 2 .2. Apparatus
concentrations. Although several studies indicated
that the SPME approach with derivatization is ap- The stir bars (Twister; the magnetic stirring rod is
plicable to the determination of carbonyl compounds incorporated in a glass jacket and coated with
in air, water, sunflower oil and spirits [21–24], this PDMS) coated with 24ml of PDMS (length: 10 mm,
approach is still not applied to the determination of thickness: 0.5 mm) and 47ml of PDMS (length: 20
stale-flavor carbonyl compounds includingE-2- mm, thickness: 0.5 mm) were obtained from GER-

¨nonenal in beer. STEL (Mulheim an der Ruhr, Germany). With
In 1999, a new extraction technique known as stir appropriate re-conditioning the stir bars could be

bar sorptive extraction (SBSE) using stir bars coated used over 30 times (see Section 2.4). For the
with 50–300 ml of polydimethylsiloxane (PDMS) extractions, 12-, 22-, 32- and 62-ml headspace vials
was developed by Baltussen et al. [25]. The ex- with PTFE-coated silicone septa from Agilent Tech-
traction mechanism and advantages are similar to nologies (CA, USA) and GL Sciences (Tokyo,
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21Japan) were used. SBSE was performed using a 608C min . The desorbed compounds were
multiple position magnetic stirrer (20 positions) from cryofocussed in the CIS 4 at250 8C. After desorp-
Shibata Scientific Technology (Tokyo, Japan). The tion, the CIS 4 was programmed from250 to 2508C

21thermal desorption (TD)–GC–MS analysis was per- (held for 5 min) at 128C s to inject the trapped
formed using a GERSTEL TDS 2 thermodesorption compounds onto the analytical column. Injection was
system equipped with a GERSTEL TDS-A auto- performed in the splitless mode and the split valve
sampler and GERSTEL CIS 4 programmable tem- was closed for 3 min. The separations were carried
perature vaporization (PTV) inlet (GERSTEL) and out on a HP-5ms fused-silica capillary column (30
an Agilent 6890N gas chromatograph with a 5973N m30.25 mm I.D., 0.25-mm film thickness, Agilent
mass-selective detector (Agilent Technologies). Technologies). The oven temperature was pro-

grammed from 408C (held for 3 min) to 2808C
212 .3. Sample preparation (held for 5 min) at 108C min . Helium was used as

21the carrier gas at a flow rate of 1 ml min . The
Prior to use, the stir bars were conditioned for 1 h mass spectrometer was operated in the scan and the

at 3008C in a flow of helium. For liquid sampling selected ion monitoring (SIM) mode with electron
SBSE, 10–60 ml of diluted samples were placed in ionization (ionization voltage: 70 V). The scan was
headspace vials (12–62 ml) and 0.15–0.90 ml of set fromm /z 29 to 400 in 0.45 s. For SIM, eight ions
PFBHA solutions were added. Stir bars were added were monitored (m /z 181, 250, 321 forE-2-octenal,

]
and then the vials were crimped with PTFE-coated m /z 181, 250, 335 forE-2-nonenal,m /z 181, 264,

]
silicone septa. SBSE with derivatization of diluted 265 forE,Z-2,6-nonadienal, andm /z 181, 276, 347

] ]
samples was simultaneously performed at room forE,E-2,4-decadienal: the underlined number is the
temperature (248C) for 5–180 min while stirring at m /z of the ion used for determination). Recondition-
1000 rpm. For headspace sampling (headspace sorp- ing of stir bars was done after use by soaking in
tive extraction, HSSE) [26], a small hole was drilled Milli-Q purified water and a mixture of methylene
in a septum, enclosing and fixing a homemade holder chloride–methanol (1:1) for 2–4 h; the stir bars were
with a stir bar (PDMS). After inserting 9–45 ml of then removed from the solvent and dried on a clean
diluted samples, 0.14–0.68 ml of PFBHA solution surface at room temperature for 2–4 h. Finally, the
and PTFE stir bar (for sample agitation), the vials stir bars were thermally conditioned for 1 h at 3008C
(12–62 ml) were crimped with the septum including in a flow of helium.
the stir bar (PDMS). HSSE with derivatization was
performed for 60 min at 248C while agitating the
samples by stirring at 1000 rpm. NaCl (15%, m/v) 3 . Results and discussion
was added to evaluate the effect of salt addition on
SBSE and HSSE. When adding NaCl before ex- 3 .1. Derivatization
traction, an ultrasonic bath was used for dissolution
of the NaCl before extraction because shaking by When derivatization is used in combination with
hand or with a shaker will cause the stir bar to break SBSE, there are two approaches as in the case of
or drop into the liquid phase in HSSE. SPME [27]. One is in-situ derivatization [28], and

the other is on-stir bar derivatization [29]. The
2 .4. TD–GC–MS former is analogous to well-established approaches

used in solvent extraction. The latter is simultaneous
After extraction, the stir bars were easily removed derivatization and extraction, performed directly in

with a forceps, dried with a lint-free tissue and the PDMS coating. Since the derivatization of car-
placed in a glass thermal desorption tube. The bonyl compounds with PFBHA can be performed in
thermal desorption tube was then placed in the aqueous phase, SBSE with in-situ derivatization and
thermal desorption unit, where the stir bar was SBSE with on-stir bar derivatization were compared
thermally desorbed by programming the TDS 2 from for the extraction efficiency. A 10-ml volume of the

2120 8C (held for 1 min) to 2508C (held for 5 min) at fortified sample (10 ng ml for all analytes) and a
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stir bar coated with 24ml PDMS were used. For the increases the affinity of the compound to the PDMS,
on-stir bar derivatization, stir bars were stirred for 60 as indicated by an increase in the octanol–water
min in PFBHA solution before extraction. Because distribution coefficient (k ). The distribution co-o / w

high temperatures can promote the additional forma- efficients of the analytes between water and PDMS
tion of stale-flavor carbonyl compounds in beer [1,5], are correlated with theirk [30–32]. Logk foro / w o / w

five extraction times between 15 and 180 min were E-2-octenal, E-2-nonenal, E,Z-2,6-nonadienal and
examined at low temperature (248C), and duplicate E,E-2,4-decadienal are calculated to be in the range
analyses were performed at each extraction time. Fig. 2.57–3.33, and logk for their oximes are calcu-o / w

1 shows typical mass spectra of PFBHA derivatives lated to be in the range 5.36–6.13 [33]. Conse-
of E-2-octenal,E,Z-2,6-nonadienal,E-2-nonenal and quently, extraction of larger amounts can be pre-
E,E-2,4-decadienal obtained by SBSE with in-situ dicted for their oximes. Extraction amounts of their
derivatization. Fig. 2 shows the extraction efficiency oximes at full equilibration with this sample/PDMS
of stale-flavor carbonyl compounds as a function of phase ratio (b5417) are calculated to be 2.1, 1.6,
extraction time. Since two geometrical isomers of the 1.4 and 1.2 times larger forE-2-octenal,E,Z-2,6-
PFBHA derivatives were formed, the sum of the nonadienal,E-2-nonenal and E,E-2,4-decadienal,
isomer peak area for each analyte was taken. For all respectively [25]. However, derivatization and ex-
analytes, the responses obtained by the two de- traction steps for in-situ derivatization were simul-
rivatization modes were similar between 5 and taneously performed for time saving. According to
60 min, and the time needed to reach extraction Ojala et al. [17], the reaction time needed to com-
equilibrium was 60 min for on-stir bar derivatization plete the derivatization of carbonyl compounds with
and 120 min for in-situ derivatization. The responses PFBHA before the extraction step is 5 h in the case
obtained after extraction equilibrium (120 min) by of beer samples. The extraction amounts obtained by
in-situ derivatization were, however, higher at 1.3– the in-situ derivatization were, therefore, smaller
1.5, 1.3–1.4, 1.1–1.2 and 1.1–1.2 times larger for than that of their oximes because carbonyl com-
E-2-octenal, E,Z-2,6-nonadienal,E-2-nonenal and pounds were extracted not only as their oximes, but
E,E-2,4-decadienal, respectively. This is due to the also as underivatives, and the underivatives were
conversion of carbonyl compounds into oximes by then derivatized in the PDMS.
the derivatization with PFBHA. This substantially Because of the larger extraction amount for all

Fig. 1. Mass spectra of the PFBHA derivative ofE-2-octenal,E-2-nonenal,E,Z-2,6-nonadienal andE,E-2,4-decadienal. The numbers in
italic and underlined were them /z of the ions used for determination.
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Fig. 2. Comparison of the derivatization approaches for stale-flavor carbonyl compounds in fortified samples by SBSE with in-situ
derivatization and SBSE with on-stir bar derivatization.d, SBSE with in-situ derivatization;j, SBSE with on-stir bar derivatization. For
the on-stir bar derivatization, the stir bar was stirred for 60 min in PFBHA solution before extraction.

analytes at extraction equilibrium and the simplicity formed for 60 min. NaCl (15%, m/v) was added to
of sample preparation, in-situ derivatization with study the effect of salt addition. The effect of sample
SBSE was selected as the derivatization mode for volume on SBSE was investigated as follows: 10 ml
further experiments. of sample was placed in a 12-ml vial, 20 ml in a

22-ml vial, 30 ml in a 32-ml vial and 60 ml in a
3 .2. Optimization of extraction conditions 62-ml vial. The effect of sample volume on HSSE

was evaluated by using a constant percentage head-
To optimize extraction conditions for SBSE with space (|27–28%), but with different vials of 12, 22,

in-situ derivatization, sampling mode, salt addition, 32 and 62 ml. In this case, sample volume was 9, 16,
sample volume, PDMS volume (sample/PDMS 23 and 45 ml, respectively. Table 1 shows the typical
phase ratio) and extraction time were examined. To results (values are relative peak areas normalized by
minimize the additional formation of stale-flavor the peak area obtained for SBSE using a 10-ml
carbonyl compounds, an extraction temperature of sample with no salt addition, the sum of the isomer
24 8C was used. Because the LODs by liquid and peak area for each analyte was taken) Because the
headspace SPME with in-situ derivatization using responses obtained by SBSE with 15% salt addition
PFBHA for the determination of carbonyl com- using a 10-ml sample was much lower, being 0.16–
pounds in water were similar [22], the extraction 0.67 times those obtained with no salt addition for all
modes were first examined with parameters, such as analytes, salt addition was not examined for 20–60-
sample volume and salt addition. Fortified samples ml samples for SBSE. The responses obtained by

21(10 ng ml for all analytes) and a stir bar coated HSSE with 15% salt addition were 1.1–2.6 times
with 24 ml PDMS were used. Each analysis was larger than those obtained with no salt addition for
carried out in duplicate. The extractions were per- E-2-octenal andE,Z-2,6-nonadienal, however, for
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Table 1
Comparison of the responses of stale-flavor carbonyl compounds in beer by SBSE and HSSE with in-situ derivatization

Compound SBSE HSSE

Sample volume (ml) Vial volume (ml)
a a a a a10 10 20 30 60 12 12 22 22 32 32 62 62

E-2-Octenal 1.0 0.67 3.4 5.2 6.7 2.3 2.6 1.4 2.3 1.8 3.7 2.9 3.6
E,Z-2,6-Nonadienal 1.0 0.60 3.6 5.3 6.9 1.0 1.5 0.53 1.1 0.72 1.9 1.3 1.6
E-2-Nonenal 1.0 0.27 4.5 7.8 13 2.5 1.8 1.7 1.5 2.2 2.5 4.3 2.3
E,E-2,4-Decadienal 1.0 0.16 4.3 8.7 14 0.61 0.55 0.42 0.36 0.41 0.65 1.1 0.48

Values are relative peak areas normalized by the peak area obtained for SBSE using a 10-ml sample without salt addition. A constant
percentage (|27%) of headspace was used for HSSE.

a NaCl was added to furnish 15% (m/v) solutions.

E-2-nonenal andE,E-2,4-decadienal, the responses highest responses were obtained by 30-ml sample
were 0.4–0.9 times larger (except for the 32-ml vial). with 47ml PDMS (b5638) at all extraction times
For all analytes in SBSE, the responses significantly (except forE-2-nonenal andE,E-2,4-decadienal in
increased when sample volume increased from 10 to 180 min). The responses obtained by 30-ml sample
60 ml. Although higher responses were obtained by with 47ml PDMS, however, were similar to those of
the largest sample, this was not the case in HSSE. 60-ml sample with 47ml PDMS for E-2-octenal and
For all analytes, the highest responses were obtainedE,Z-2,6-nonadienal in 5–60 min (0.93–1.0 times).
by SBSE using a 60-ml sample: the responses were To obtain maximum sensitivity with this method,
6.7–14 times larger than those obtained for 10-ml an extraction time greater than 180 min using 60-ml
samples with no salt addition for all analytes. sample with 47ml PDMS is required. Although
Because of the highest sensitivity and the simplicity several samples can be extracted in parallel using
of sample preparation, SBSE was selected as the SBSE, the time and sample throughput should be
extraction mode for further experiments. considered in the selection of the optimum extraction

The effect of sample and PDMS volume (sample/ time. In practice, full equilibration is not essential for
PDMS phase ratio) and the extraction time profile an accurate determination. A timed stirring period
(equilibration curve) were determined by use of 30- can be used for calibration, as is the case with SPME

21and 60-ml fortified samples (10 ng ml for all [27]. However, a relatively short extraction time will
analytes) and a stir bar coated with 24 and 47ml not only result in a loss of sensitivity but also of
PDMS. Each analysis was carried out in duplicate. precision [27]. Consequently, a 60-min extraction
Seven extraction times between 5 and 180 min were time using 30- or 60-ml sample with 47ml PDMS
examined. Fig. 3 shows the results (the sum of the can be selected as optimum extraction condition for
isomer peak area for each analyte was taken). For all time saving and precision. Although the responses of
analytes, although the extraction equilibrium was the 30-ml sample were 0.80–0.94 times those of the
reached at 120 min for 10-ml sample with 24ml 60-ml sample for all analytes, the equilibration curve
PDMS (sample/PDMS phase ratio;b5417) (see could be nearer to the equilibrium at 60 min because
Section 3.1; Fig. 2), the equilibrium was not reached of the lowerb-value. A 60-min extraction time using
within 180 min for 30- or 60-ml sample with 24 or a 30-ml sample with 47ml PDMS, therefore, was
47 ml PDMS. As previous studies indicated, this is selected for further experiments.
due to the increase ofb-values in the range 638–
2500. The time needed to reach the equilibrium 3 .3. Method validation and determination of stale-
depends on not only logk but also on the phase flavor carbonyl compounds in beero / w

ratio [34,35]. For all analytes, the highest responses
were obtained by 60-ml sample with 47ml PDMS As previous studies indicated, the effect of the
(b51276) at all extraction times, and the second sample matrix in SBSE could be compensated by use
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Fig. 3. Extraction time profiles and the effect of sample and PDMS volume (sample/PDMS phase ratio) for the stale-flavor carbonyl
compounds in fortified sample by SBSE with in-situ derivatization.m, 30-ml sample with 24ml PDMS (b51250);d, 30-ml sample with
47 ml PDMS (b5638); s, 60-ml sample with 24ml PDMS (b52500);j, 60-ml sample with 47ml PDMS (b51276).

of the standard addition calibration method or inter- range 98–101% (RSD 2.4–7.3%,n56). Validation
nal standard method [28,36]. In this study, the of the method is summarized in Table 2. Fig. 4
standard addition calibration method was used. For shows the SIM chromatograms obtained by use of
both calibration and determination, the sum of the the proposed method after a 60-min extraction of

21isomer peak area for each analyte was taken. To fortified samples spiked at the 0.50-ng ml level.
validate the method, the linearity was firstly ex- The proposed method was applied to the de-
amined by analyzing fortified samples. The five data termination of stale-flavor carbonyl compounds in
points for the standard addition calibration graphs normal and forced-aging beer samples. A forced-

21were linear over the range 0.10–10 ng ml with aging beer sample was maintained at 608C for 1 day.
correlation coefficients better than 0.9993. The LOD This condition is generally equivalent to an aging
was determined as three times the standard deviationperiod of 6 months at 188C and 3 weeks at 378C
(for six replicates) for an analyte concentration no [1]. Fig. 5 shows typical SIM chromatograms of a
higher than ten times the LOD [27]. The LOD were normal beer sample. AlthoughE-2-nonenal is usual-

21 21calculated to be 0.021–0.032 ng ml by repeated ly present at less than 0.10 ng ml in beer, well-
analysis (n56) of fortified sample spiked at 0.10 ng defined SIM chromatograms of the isomer peaks of

21ml (lowest concentration of the calibration PFBHA derivatives were obtained without interfer-
graphs). The recoveries of the method were assessedence from matrix compounds and could be used for
by replicate analysis (n56) of fortified samples the determination. Three kinds of normal beer sam-

21spiked at the 0.50-ng ml level. The recoveries ples were found to containE-2-nonenal, and the
were calculated by comparing the results determined concentrations were in the range 0.065–0.072 ng

21with the spiked concentrations. The results showed ml (RSD 5.4–6.4%,n53). Fig. 6 shows SIM
that recoveries were good for all analytes in the chromatograms of a forced-aging beer sample. A
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Table 2
Method validations for the determination of stale-flavor carbonyl compounds in beer by SBSE with in-situ derivatization and TD–GC–MS

2 21 b c cCompound Correlation coefficient (r ) LOD/ng ml Recovery (%) RSD (%),n56
21 a(0.1–10 ng ml )

E-2-Octenal 0.9994 0.021 100 3.7
E,Z-2,6-Nonadienal 0.9995 0.032 101 7.3
E-2-Nonenal 0.9993 0.023 99 2.4
E,E-2,4-Decadienal 0.9996 0.023 98 3.4

a Linear range of the standard addition calibration graph.
b The LODs were calculated as three times the standard deviation (3 s) of replicate analyses (n56) of fortified samples spiked at the

lowest concentrations of the calibration graph.
c 21The recoveries and precision were also examined by replicate analyses (n56) of fortified samples spiked at 0.5 ng ml . For both

calibration and determination, the sum of the isomer peak area for each analyte was used.

forced-aging beer sample was found to containE-2- compounds—E-2-octenal, E,Z-2,6-nonadienal,E-2-
21octenal (0.070 ng ml , RSD 8.3%,n53), E,Z-2,6- nonenal and E,E-2,4-decadienal—in beer using

21nonadienal (0.069 ng ml , RSD 4.2%,n53) and SBSE with in-situ derivatization followed by TD–
21E-2-nonenal (0.44 ng ml , RSD 3.0%,n53); E-2- GC–MS was described. In-situ derivatization, liquid

nonenal showed a dramatic increase and surpassed sampling (SBSE), a sample volume of 30 ml, a
21its odor threshold concentration of 0.1 ng ml . PDMS volume of 47ml and extraction time of

60 min were selected as optimum extraction con-
ditions. The proposed method has many practical

4 . Conclusion advantages, e.g. small sample volume and the sim-
plicity of extraction. It is also solvent-free and the

The determination of stale-flavor carbonyl sensitivity is high. The method can be performed in

21Fig. 4. SIM chromatograms obtained by SBSE with in-situ derivatization and TD–GC–MS of fortified samples spiked at 0.5 ng ml . The
extraction time was 60 min. 1,195E-2-Octenal, 2,295E,Z-2,6-nonadienal, 3,395E-2-nonenal, 4,495E,E-2,4-decadienal. Two geometrical
isomers of the PFBHA derivatives were formed.
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Fig. 5. SIM chromatograms obtained by SBSE with in-situ derivatization and TD–GC–MS of a normal beer sample. The extraction time
was 60 min. 3,395E-2-Nonenal. Two geometrical isomers of the PFBHA derivatives were formed.

parallel at room temperature. The LODs (0.021– recovery of the method was good (98–101%) and
210.032 ng ml ) were below odor threshold con- the precision acceptable (RSD 2.4–7.3%) for the

21centrations of E-2-octenal andE-2-nonenal. The beer samples fortified at the 0.5-ng ml level. Also,

Fig. 6. SIM chromatograms obtained by SBSE with in-situ derivatization and TD–GC–MS of a forced-aging beer sample. A forced-aging
beer sample was maintained at 608C for 1 day. The extraction time was 60 min. 1,195E-2-Octenal, 2,295E,Z-2,6-nonadienal,
3,395E-2-nonenal. Two geometrical isomers of the PFBHA derivatives were formed.
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