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Quantitation of (R)- and (S)-Linalool in Beer Using Solid Phase
Microextraction (SPME) in Combination with a Stable Isotope
Dilution Assay (SIDA)
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A stable isotope dilution assay (SIDA) was developed for the quantitation of both linalool enantiomers
using synthesized [2H,]R/S-linalool as the internal standard. For enrichment of the target compound
from beer, a solid phase microextraction method (SPME) was developed. In comparison to the more
time-consuming extraction/distillation cleanup of the beer samples, the results obtained by SPME/
SIDA were very similar, even under nonequilibration conditions. Analysis of five different types of
beer showed significant differences in the linalool concentrations, which were clearly correlated with
the intensity of the hoppy aroma note as evaluated by a sensory panel. In addition, significant dif-
ferences in the RIS ratios were measured in the beers. The SPME/SIDA yielded exact data inde-
pendently from headspace sampling parameters, such as exposure time or ionic strength of the
solution.

KEYWORDS: Solid phase microextraction; SPME; stable isotope dilution analysis; SIDA; linalool;
enantiomeric distribution; beer; hop aroma

INTRODUCTION linalool is presentX) and wort boiling has been suggested to
cause this racemizatioi), Because of the clearly higher odor
threshold of the $)-isomer, racemization should consequently
result in a reduction of the hoppy flavor. With respect to the
hoppy aroma noteR)-linalool can thus be regarded as a quality
indicator for hopped beer and the need for a rapid and reliable
quantitation method including the determination of the enan-
‘tiomeric distribution is evident.

The determination of exact quantitative data of aroma active

Beers with a typical hoppy aroma note are quite popular, and
several investigations have been performed to identify the
compounds responsible for this characteristic aroma note. Very
recently () using gas chromatography (GC)/olfactometry, lina-
lool has been characterized as one of the most important odor-
ants responsible for the hoppy aroma character. In previous stud
ies, it had been shown that linalool is also one of the key odor-

Em.tﬁ in hopsZ—4) and is transferred into the beer during kettle trace compounds in foods requires selective and sensitive
oiling (5). . o analytical methods. For GC/MS, the removal of nonvolatile
Hops are traditionally added to the wort at the beginning of material is a prerequisite. However, in particular, steam distil-
the b0|I|n_g process, in particular, to ensure goo_d extrac_tlon yields lation, which is widely used in brewing analysis, has previously
of the bitter-tasting substances. However, linalool is almost peen shown to yield linalool as an artifact from hydrolysis of
quantitatively lost with the stean(6), if such early hopping jinalylesters (9). Furthermore, linalool itself may undergo
is performed. Therefore, to obtain beers eliciting intense hoppy degradation during steam distillation and a loss of 60% was
aromas, addition of a second portion of aroma hops at the endsg,nd in model systems (10).
of the boil is common practice. As recently shové7), even A more gentle approach for the isolation of food volatiles is
more linalool is recovered when this second portion is added 4 extraction by low-boiling solvents followed by distillation
right after the boil to the whirlpool. of the extract under high vacuum at ambient temperature, e.g.,
Besides its concentration, also, the enantiomeric distribution py the solvent-assisted flavor evaporation (SAFE) technique
in linalool has to be taken into consideration, when the influence recently developed by us (10).
of this compound on the overall beer aroma is determined, The most careful technique for volatile isolation is, however,
because the odor threshold of tti®)linalool is about 80 times  static or dynamic headspace analysis. Its main advantage is that
lower than that of the§)-enantiomer (8). The odor threshold no sample cleanup is necessary prior to GC analysis. However,
of (R)-linalool in beer was found to be 2:/L (1). special equipment is required to trap the volatiles, and often,
In hops, the more potenRj-enantiomer clearly dominates the sensitivity of the method is too low. These drawbacks may
with about 95% 4, 6); however, in beer, sometimes racemic be overcome by using solid phase microextraction (SPMIE) (
12). The crucial factor with SPME is, however, that the amount
*To whom correspondence should be addressed, Fal9(0)g9 289 ©Of the adsorbed target compound depends on the extraction
13265. Fax:+49(0)89 289 14183. E-mail: Peter.Schieberle@Irz.tum.de. conditions, such as temperature, exposure time, agitation, sample
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volume, and headspace volume, and is also affected by agingapplied onto a glass column (20 can2 cm) filled with silica. Impurities

of the fiber and by the concentration of other, predominating were removed by elution with 200 mL of-pentane followed by 70
constituents present in the sample (12). Therefore, when externamL of diethyl ether. fH]Linalool was isolated using another 130 mL
calibration is used in SPME, extraction conditions must be kept of diethyl ether as the eluent. The ethera}I solution was dried over
as reproducible as possible. Moreover, it has to be taken intoanhydrous sodium sulfate. The concentration of the target compound

nt that ilibrium ncentration n al drift with was then determined by GC/flame ionization detection using methyl
accou at equilibrium concentrations can aiso driit wi octanoate as the internal standard. To consider the different detector

increasing age of the fiber due to a loss of adsorption capacity. responses, a correction factor was determined from a mixture of known

Furthermore, temperature and agitation do influence the time gmounts of unlabeled linalool and methyl octanoate under the same
until equilibrium is achieved. For better reproducibility, exposure experimental conditions; yield, 76%.

times have, therefore, to be increased until equilibrium. How-  High-Resolution GC/MS (HRGC/MS). Mass spectra of linalool
ever, time-consuming records of saturation curves for eachand PHlinalool were recorded by means of a GC/MS system
analyte have then to be measured. Another problem is that majorconsisting of a gas chromatograph 5890 series Il (Hewlett-Packard,
constituents of the sample can significantly influence the amount Waldbronn, Germany) connected to a sector field mass spectrometer
of the analyte adsorbed at the fiber. These drawbacks can beyPe MAT 95 S (Finnigan, Bremen, Germany). MS/EI (electron
reduced, when internal calibration is used, but the results are|on|zat|on) spectra were recorded at 70 eV ionization energy, and MS/

. ClI (chemical ionization) spectra were recorded at 115 eV ionization
very much dependent on the structure of the internal standardenergy using isobutane as the reactant gas.

used. . o Quantitation by Two-Dimensional HRGC/SIDA Using SPME

It has been proven in the quantitation of many trace aroma |solation (Method I). Beer samples (0:510 mL) were placed in
compounds that the most appropriate internal standard is theheadspace vials (20 mL) equipped with a stir bar and topped up to 10
isotopically labeled analogue of the analyte. In combination with mL with tap water, if necessary. An aliquot (5200xL) of an ethanolic
GC/MS, the analyte and internal standard can easily be differ- solution of BH:]linalool (c = 2.38ug/mL) was added by subsurface
entiated according to their different molecular weighit3 (4). pipetting. After short agitation, sodium chloride (4 g) was added and

Combining the precision of stable isotope dilution assay (SI- the vials were capped. After 30 min with continuous stirring, the vials
DA) with the speed of SPME isolation should, therefore, be a were placed into the tray of a Combi PAL autosampler (CTC Analytics,

. - ' - Zwingen, Switzerland) held at 2. Extraction was performed using

very useful tool in quantitation of trace odorants. The first paper

. hi hod h vsis of caffeine in b 65 um PDMS/DVB fibers (Supelco, Sigma-Aldrich Chemie). Com-
using this method was on the analysis of caffeine in bever- ., 45 were desorbed during 1 min into the hot injector (PPKD injector,

ages (15), but applications in flavor research are still rare to Thermo Finnigan, Egelsbach, Germany) of a GC (Trace GC, 2000
date (16,17). The purpose of the present study was, therefore, series, Thermo Finnigan) and transferred onto the column in the first
first to develop a SIDA for the direct on-line quantitation of dimension (DB-FFAP, WCOT Fused Silica, 305n0.32 mm internal
both linalool enantiomers, second to compare the data obtaineddiameter, 0.2&m; J&W Scientific, Agilent Technologies, Waldbronn,
by two enrichment techniques, namely, distillation/extraction Germany) held at 40C. After 2 min, the volatiles were desorbed and
and SPME, and third to apply the SPME method to different Separated using a temperature gradient nin. At the elution time

beers. of linalool/[?H;]linalool (~13 min), the effluent was quantitatively
transferred to a cold trap (SGE, Darmstadt, Germany) using a moving
MATERIALS AND METHODS column stream switching system (Thermo Finnigan). After the cooling

Chemicals.The following chemicals were obtained from commercial Was turned off, the trapped material was further separated using either
sources: ethynylmagnesium bromide (0.5 M solution in tetrahydro- & DB-1701 column (WCOT Fused Silica, 30 m0.32 mm internal
furane), &)-linalool, and 2-methyl-2-hepten-6-one were from Aldrich, ~ diameter, 0.2%m; J&W Scientific, Agilent Technologies) or a chiral
Sigma-Aldrich Chemie (Taufkirchen, Germany). PuRrlinalool was BGB-176 column (BGB Analytik, A(_:illswn, Switzerland) installed in
purchased from Fluka, Sigma-Aldrich Chemie. Silica for flash chro- the second GC oven (CP 3800, Varian, Darmstadt, Germany). Separa-
matography (J. T. Baker, Phillipsburg, NJ) was used in column tion on the DB-1701 startgd at 4C and was further performed at 6
chromatography. Lindlar catalyst (5% palladium) and methyl octanoate C/min, whereas for the chiral column the oven was heated from 40 to
were from Merck (Darmstadt, Germany) and deuterium gas (99.7% 100°C at 10°C/min and then to 146C using a gradient of 2C/min.
purity) was from Messer Griesheim (Krefeld, Germany). Diethyl ether The efﬂuept was mqmto_red using an ion trap mass spectrometer (Saturn
was freshly distilled, and traces of water were removed by addition of 2000, Varian) running in the Cl mode with methanol as the reactant
sodium hydride. The supernatant was decanted and used immediatelygas. Elution times of linalooffi;]linalool were~13 min on column

Syntheses1,2-Dehydrolinalool (3,7-Dimethyl-6-octen-1-yn-3-dlp DB-1701 and~19 min on column BGB-176. _
a solution of 2-methyl-2-hepten-6-one (2.016 g) in diethyl ether (50 Linalool concentrations were calculated from the area counts obtained

mL), ethynylmagnesium bromide (40 mL of a 0.5 M solution in from the mass chromatograms using the following equation:

tetrahydrofurane) was added, and the reaction mixture was stirred

overnight. With continuous stirring, crushed ice (50 g) was then added MizH,Jiinalool Alinalool

and the precipitate formed was dissolved by adding a saturated solution Ciinatoo = d x f x v A

of ammonium chloride in water (100 mL). The organic layer was Hplinalool

removed, and the aqueous phase was extracted twice with diethyl ethewhere C = concentrationV = volume of the beer analyzed, =

(total volume, 100 mL). The combined organic phases were washed dilution factor,Ainaicol = area counts for linalootf = response factor,

with aqueous saturated sodium hydrogensulfite (50 mL), followed by Az inas = area counts for?Holinalool, and mz,jinael = amount

aqueous sodium bicarbonate (0.5 mol/L; 50 mL) and finally tap water of [?H,]linalool added.

(20 mL). The organic phase was dried over sodium sulfate. Removal  Quantitation by Two-Dimensional HRGC/SIDA Using Solvent

of the solvent yielded 1,2-dehydrolinalool in 84% yield. The intermedi- Extraction/Distillation for Volatile Isolation (Method II). The beer

ate was used for deuteration without further characterization. sample (2—100 mL) was placed in an Erlenmeyer flask and made up
[?H]Linalool ([1,2-?H;]-3,7-Dimethyl-1,6-octadien-3-ol)1,2-De- to 100 mL with tap water, if necessary. An aliquot (500) of an

hydrolinalool (1.5 g) and quinoline (200 mg) were dissolved in ethanolic solution ofqH,]linalool (¢ = 2.38 ug/mL) was added, and

n-heptane (20 mL) and, after addition of Lindlar catalyst (50 mg), the mixture was stirred for 1 h. The samples were extracted three times

deuterated in an autoclave at 500 kPa for 70 min. The mixture was with diethyl ether (200 mL total volume), and the combined organic

washed with sulfuric acid (0.25 mol/L; 50 mL) followed by aqueous phases were dried over anhydrous sodium sulfate. Nonvolatile com-

sodium bicarbonate (0.5 mol/L; 50 mL), saturated sodium chloride pounds were removed by SAFE distillatick0) at 40°C. The distillates

solution (50 mL), and water (20 mL) and finally dried over sodium were concentrated to 2Q@L using a Vigreux column, and aliquots

sulfate. For purification, the solvent was removed and the residue waswere analyzed by HRGC/SIDA as described above.
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1) HC=MgBr
D
2) H,0

Figure 1. Synthetic route used in the preparation of [?Hy]linalool.
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Figure 2. Mass spectra (MS/CI) of [?H,]linalool (A) and linalool (B).
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Synthesis of fH;]Linalool. For 3,7-dimethyl-1,6-octadien-
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Figure 3. Mass spectra (MS/EI) of [2H,]linalool (A) and linalool (B).
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be possible. Deuterium labeling was preferred, because it is less
expensive and also allows incorporation of the heavy isotope
via simple, well-known synthetic procedures such as reduction
with metal deuterides or catalytic deuteration of multiple bonds.
Accordingly, PH]linalool was synthesized via deuteration of
1,2-dehydrolinalool (3,7-dimethyl-6-octen-1-yn-3-ol) as shown
in Figure 1. The 1,2-dehydrolinalool was prepared in a first
step by a reaction of 2-methyl-2-hepten-6-one with ethynyl-
magnesium bromide followed by treatment with water (18).

The molecular peak of théHl,]linalool (m/z 156) did not
appear even in the MS/CIF{gure 2A). However, in agreement
with the synthetic route, the mass spectrum (MS/Eigure
2A) showed a shift of two mass units in the fragmeariz 139
(m/z156 + 1 — H,0) as compared to the respective fragment
of the undeuterated analogua/g 137: 154+ 1 — H,0). In
the MS/EI spectra also, shifts of 2 mass units were observed
for the fragmentsn/z 73 andm/z 95 as compared to the spectrum
of the unlabeled odorant (Figure 3A,B).

An MS response factor was finally determined by analyzing
mixtures of known amounts of labeled and unlabeled linalool
in different mass ratios (1:3 to 3:1). The ratios of the area counts
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Table 1. Concentrations of Linalool Determined by Application of the
SIDA to Nine Samples of the Same Batch of the Reference Beer?
2 area counts concentration®
area (m/z 139) run no. m/z 137 m/z 139 («g linalool/L)
ares (miz 137) 1 20729 13104 316
11 2 22 160 13834 32.0
3 30214 18 433 32.8
4 21902 14 148 30.9
. 5 26727 17122 31.2
o : ; s ) 6 16 391 10321 31.7
7 20921 13285 315
¢ (Hzl-linalool) 8 18 346 11681 314
¢ {linalool) 9 16 038 10413 30.8
Figure 4. Calibration curve obtained by mass chromatography of defined mean + SDy¢ 21492 £ 1540 13593921 3L.5+02
rel. SDy (%) @ 7 7 0.6

mixtures of linalool and [?H,]linalool.

a Area counts measured for linalool (m/z 137; MS/CI) and [2H]linalool (m/z

1.0 . 139; MS/CI) for comparison. ° Calculated using the SIDA approach. ¢ Mean value
v 08 + standard deviation of the mean value. 9 Relative standard deviation of the mean
E ] value.
H
S 06 A
g Table 2. Influence of Salt Additions before SPME on the
g 04 Concentrations of Linalool Determined by Application of the SIDA?
k]
2 o024 area counts concentration?
0.0 i i i i i i NaCl (g/10 mL) m/z 137 m/z 139 (g linalool/L)
0 10 20 30 40 50 60 0 5875 3650 32.9
time (min) 0.5 11332 6455 35.9
. . . . 1 11598 7062 336
Figure 5. Effect of different exposure times on the relative area counts 2 20 805 12 946 329
of linalool (m/z 137; MS/CI) obtained by dividing the area counts by the 4 26 924 17 061 323
area counts determined after 60 min. mean * SDy¢ 335+0.6
of the labeled standaran{z 139) and of the analytax(/z137) a Area counts measured for linalool (m/z 137; MS/CI) and [2H]linalool (m/z
were plotted against the concentration ratiBgy(re 4). The 139; MSICI) for comparison. © As determined by the SIDA. Same type of beer as

plot gave a straight line showing linearity in the observed range in Table 1, but another batch was used. ¢ Mean value + standard deviation of the
of area ratios with a slope representing a response factor of 0.86M€an vale.
Development of the Analytical Procedure.In a first
experiment, by using the extraction/distillation enrichment NacCl) equal to 1.0. In agreement with literature data obtained
(method 11), linalool was quantified in a Bavarian beer sample for other compoundsl@, 19, 20), the resultsKigure 6) showed
by means of the SIDA using SAFE distillation. This method @& clear increase in the yields with increasing the ionic strength,
was considered a highly reliable technique for odorant quanti- i-€., the NaCl concentration in the beer sample.
tation (14). In triplicates, the concentration was determined to  To check the reproducibility of the method, nine samples of
be 31.5ug/L. This beer was assigned as the reference beerthe reference beer were then analyzed in parallel. For this
throughout the experiments, and the same batch was usedurpose, 4 g of NaCl was added to each sample (10 mL), and
throughout the study. after the samples were stirred for 30 min, the volatiles were
The following experiments were aimed at optimizing the trapped for another 30 min at ambient temperature. Finally, the
conditions for SPME. For this purpose, five samples of the volatiles were desorbed into the injector and separated in the
reference beer (10 mL) were each spiked with 238 ngte] first dimension. A desorption time of 1 min was sufficient as
linalool. The volatiles were trapped, and extraction times of 10, proven by a subsequent blank injection, which gave memory
20, 30, 45, and 60 min were applied. The fibers were then effects below 1%. The effluent of the first column was
transferred into the GC/MS system and analyzed separately fortransferred during 1 min onto the GC column in the second
the mass traces/z 137 (linalool) andm/z139 (BH_]linalool). dimension, which was connected to the mass spectrometer. As
In Figure 5, the relative area counts for the mastz 137 shown inTable 1, the run-to-run reproducibility based on the
(linalool) obtained for the five samples are contrasted. The area counts measured was about 7%, but the quantitation of
relative area counts were calculated by dividing the area countslinalool by SIDA gave a much better run-to-run reproducibility
measured by the counts obtained after 60 min of trapping. The with a standard deviation of only 0.6%. These data corroborate
results Figure 5) indicated that equilibration was reached after the precision of the SIDA and indicate that external standardiza-
about 30 min. Comparable results were obtained for the masstion of SPME quantitation may lead to less precise results.
trace m/z 139 indicating that no faster release of the added The SIDA, however, not only compensated for differences
standard occurred (data not shown). between successive runs but also equalized effects resulting from
In another experiment, five samples of the same beer werethe composition of the matrix. For example, although increasing
analyzed after addition of sodium chloride in increasing the ionic strength of the beer matrix by adding sodium chloride
concentrations; equilibration time was 30 min. Area counts had a substantial effect on the area counts recorded for linalool
obtained for samples with 0, 0.5, 1, 2,da# g of NaCl added and PH;]linalool, respectively (Table 2), the ratio of both ion
to 10 mL of beer were measured, and the relative area countsintensities remained constant, and consequently, precise data
were calculated by setting the area count at saturation (3.3 g @fere obtained independently from the enhanced volatile release
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Table 3. Influence of the Sampling Time Used for SPME on the
Concentrations of Linalool in the Reference Beer Determined by

Steinhaus et al.

Table 4. Comparison of Linalool Concentrations Determined in Five
Different Beers Using a SIDA2

Application of the SIDA2

concentration (ug/L)

area counts

exposure concentration® beer no. method 1° method II¢
time (min) m/z 137 m/z 139 (g linalool/L) 1 810+ 007 786+ 002
0 240 152 2 6.21+0.26 5.44 + 0.05
10 22848 14 845 315 3 325%0.7 315%0.15
20 36333 21707 343 4 129+2 152+3
30 39579 25553 317 5 17.3+0.6 16.8+0.3
45 37157 23657 32.1
60 38160 25843 30.2 2 - : :
mean + SDy? 320407 Volatile enrichment from the same batch by either SPME (method 1) or

extraction/SAFE distillation (method I1). ® Mean value of quadruplicates + standard
deviation of the mean value. ¢ Mean value of triplicates + standard deviation of
the mean value.

a Area counts measured for linalool (m/z 137; MS/CI) and [2H,]linalool (m/z
139; MS/CI) for comparison. ° As determined by the SIDA. Same type of beer as
in Table 1, but another batch was used. ¢ Mean value + standard deviation of the

mean value. 1.0 4
by salt addition Table 2). In addition also, the exposure time £ 08 1 N
of the fiber did not influence the results obtained by SIDA. Even 3
after a short exposure (10 min), far before equilibrium was s %87
reached, the SIDA gave correct resuligifle 3). § o4 4 o
The results clearly indicate that a stable isotope dilution £
analysis is the method of choice for a reproducible quantitation ? 02 ¢
of volatiles when SPME sampling is applied, because, e.g., less
attention has to be paid to otherwise crucial points of SPME, 0.0 . T . .
such as temperature, exposure time, agitation, fiber aging, or 0 1 2 3 4

matrix variations. These factors, although important with respect NaCI concentration (g in 10 mL}
to sensitivity, did not influence the quantitative results in SIDA. g e 6. Effect of amount of salt dissolved in beer on the relative area

Analysis of Beer Samples-Comparison of the SPME counts of linalool (m/z 137; MS/CI) obtained by dividing the area counts
Method to SIDA with Conventional Sample Preparation.In by the area counts at saturation (3.3 g of NaCl in 10 mL of beer).
preliminary studies, the intensity of the hoppy aroma note was
evaluated in five different commercial beer samples by compar-
ing the overall aroma to an unhopped beer as the blank using \
a sensory panel.

Beers 1 and 2, two Pilsener beers from Western Germany,
exhibited no prominent hoppy aroma note. During manufactur-
ing, hops had been added exclusively at the start of the boll
either as CQextract (beer 1) or as ethanolic extract (beer 2).
Beer 3, showing a characteristic flowery, hoppy aroma, had been
brewed in Bavaria with two additions of hop pellets at the
beginning and at the end of the boil, respectively. Beer 4 was
of American origin and exhibited a very intense hoppy aroma.
It had been treated with hops after fermentation (so-called “dry
hopping”). The French beer no. 5 has been indicated to be
flavored by adding hop oil to the finished product; however, it
did not show an intense hoppy aroma.

Linalool was quantified in all beers by a stable isotope dilution
analysis using either enrichment of volatiles by SPME (method
I) or by solvent extraction/distillation (method I1). All beers were
analyzed either in triplicate or in quadruplicate.

In line with the sensory characteristics, the linalool concentra-
tions in beers 1 and 2 were quite low, hardly exceeding the
odor threshold of the aroma compound in beer (2d2L),
whereas beer 3 contained amounts significantly above the odor
threshold (Table 4). As expected, an extremely high linalool isomer due to its much lower odor threshold. Although the
concentration was found in the dry hopped beer 4. On the enantiomeric ratio could have been determined in separate runs,
contrary, the concentration in beer 5 was low considering the it was aimed in further experiments to quantify each enantiomer
fact that it was reported to have been flavored with hop oil. A separately but on-line. For this purpose, a chiral column was
comparison of the quantitative data obtained by application of used in the second dimension of the two-dimensional HRGC/
both methods revealed a good agreement of the quantitativeMS system.
data, thereby suggesting the more rapid SPME method for In Figure 7, a mass chromatogram obtained for beer no. 4
enrichment of linalool from beer. after separation on the second chiral column is shown. Because

Quantitation of Linalool Enantiomers. As discussed inthe  the internal standard was a 50:50 mixture Rj-?H]linalool
Introduction, R)-linalool is more aroma active than the (S)- and (S)-fH;]linalool, the amounts of both enantiomers could
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Figure 7. Mass chromatogram obtained by application of the SIDA on
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Table 5. Concentrations of (R)- and (S)-Linalool in Different Beer (5) Kaltner, D.; Thum, B.; Forster, C.; Back, W. Studies on
Samples technological parameters influencing the hop aroma note in beer
(in German).Monatsschr. Brauwis2001,54, 199—205.
beer enantiomeric concentration (ug/L)° (6) Kaltner, D. Investigations on the formation of hoppy aroma and
0.2 ratio (%) R S technological parameters for the production of hop-aromatic beers
1 5028 4372009 411+013 (in German). Ph.D. Thesis, Technische Univétsitinchen,
2 59:41 3.32+0.05 2.31+0.09 2000. o
3 84:16 26.7+10 5.00 + 0.24 (7) Kaltner, D.; Thum, B.; Forster, C.; Back, W. Hops. Investigations
4 81:19 107 +4 247+1.0 into technological and flavour effects in beBrauwelt Int.2001,
5 81:19 11.2+0.5 2.7+0.23 19, 40-45.
(8) Jagella, T. Investigation on the odor and of off-odours in black
a Numbering corresponds to Table 4. Beers were the same brands as in Table and white pepper (in German). Ph.D. Thesis, Technische
4 but from different batches. ® Mean value of triplicates + standard deviation of Universita Minchen, 1999.
the mean value. (9) Picket, J. A.; Coates, J.; Sharpe, F. R. Distortion of essential oil
composition during isolation by steam distillatio®hem. Ind.
easily be calculated from the area counts obtained for the 1975, 571-572.
fragmentm/z 137 in both peaks. (10) Engel, W.; Bahr, W.; Schieberle, P. Solvent assisted flavour
R/Sratios obtained for beers brewed with hop addition at evaporation—a new and versatile technique for the careful and
the beginning of the boil (beers 1 and 2) were near to the direct isolation of aroma compounds from complex food
racemate (Table 5). On the other hand, beers to which hops or matrices.Eur. Food Res. Technol999,209, 237—241.

hop products had been added at a later stage of the brewing (11) Pawliszyn, J. Solid-phase microextractionﬂbadspace Analysis
process (beers 3—5) contained more than 80% of (R)-linalool. gfa';\c,’vc;ﬂz daer;d KF Iagrstgge.zolg/ujvrécri z;zgté%eij’;ﬁ;efr’n Lﬁuiﬁsh-
This is in good correlation with the fact that the-isomer ers: New Yo’rk 'Boé’ton I:')’ordrecht London, Moscow, 2001; pp
predominates in hops and corroborates recent data on the ) ' ' ' ' ' '

; . . . . 73-87.
isomerization of linalool during beer manufacturing (1). (12) Pawliszyn, J. Solid-phase microextractidheory and Practice

The quantitative data in correlation with the low odor Wiley-VCH: New York, 1997.

threshold of (R)-linalool of 2.2.g/L in beer clearly indicated (13) Schieberle, P.; Grosch, W. Quantitative analysis of aroma
that the racemization ofR)-linalool supplied by hopslj is compounds in wheat and rye bread crusts using a stable isotope
another important factor reducing the hoppy aroma of beer. In dilution assayJ. Agric. Food Chem1987,35, 252—257.
the American beer (no. 4), the odor activity value (ratio of (14) Schieberle, P. Recent developments in methods for analysis of
concentration to odor thresholi4)) of linalool was calculated flavor compounds and their precursors.Characterization of
to be 48, while in the two German Pilsener type beers (nos. 1 Food: Emerging MethodsGoankar, A., Ed.; Elsevier: Am-
and 2), the (R)-linalool hardly exceeded its odor threshold. sterdam, 1995; pp 403431 (review).

(15) Hawthorne, S. B.; Miller, D. J.; Pawliszyn, J.; Artur, C. L.

Solventless determination of caffeine in beverages using solid-
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