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a b s t r a c t

The principal trace secondary compounds common to fermentation-derived distilled spirits can be rapidly
quantified by directly injecting 5 �L of spirit without sample preparation to a narrow-bore 0.15 mm
internal diameter capillary column. The ethanol–water is removed in an initial solvent venting step using
a programmed temperature vapourization injector, followed by splitless transfer of the target analytes
eywords:
istilled spirits
apillary GC–MS
olvent venting
econvolution

to the column. The larger injection facilitates trace analysis and ethanol–water removal extends column
lifetime. Problems of coelution between analytes or with sample matrix were surmounted by using mass
spectral deconvolution software for quantification. All operations in the analysis from injection with
solvent venting to data reduction are fully automated for unattended sequential sample analysis. The
synergy of the various contributory steps combines to offer an effective novel solution for this analysis.
Applications include quantification of low ppm amounts of acids and esters and sub-ppm profiling of

th th
trace compounds from bo

. Introduction

Commercial distilled spirits are composed of hundreds of
ndividual flavour compounds in an ethanol–water base. These
ompounds result from the combined production processes of raw
aterial (cereals, fruits, etc.) extraction, subsequent fermentation

nd distillation, and, in many cases, ageing for periods of time
n a variety of different wooden barrels [1,2]. The different com-
ound classes found can range in concentration from high mg/L
o very low ng/L. Fusel alcohols, together with fatty acids and
heir esters, are the most abundant secondary compounds in dis-
illed spirits. The perceived flavour of a product cannot always
e linked to the levels of the most abundant compounds, since
he odour impact of low sensory threshold trace level compo-
ents are often more contributory [3]. However, these compounds
re often used as indices of quality and production continuity,
nd are also used in authentication and counterfeit investigations
4,5].
The fusel alcohols, acids and esters can be further subdivided
n terms of their naturally occurring levels, which, in turn, dictate
hromatographic strategies for their quantification. The fusel alco-
ols, together with acetaldehyde, ethyl acetate, diethyl acetal, and

∗ Corresponding author. Tel.: +353 0 21 463 1821; fax: +353 0 21 463 1602.
E-mail address: kevin.macnamara@idl.ie (K. MacNamara).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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e raw material malt and the ageing in wood barrels.
© 2009 Elsevier B.V. All rights reserved.

methanol can be quantified by split injection to a polar capillary
column with flame ionization detection [6,7].

These particular compounds elute just before and after the dom-
inant ethanol and split injection to reduce the amount of ethanol
transferred to the column is necessary for acceptable peak shape for
their quantification. The European reference method for the analy-
sis of these volatile compounds in spirits is based on this technique
[8]. The method has been adapted to a 0.15 mm internal diameter
column using chemometric procedures to optimise both resolution
and limit of quantification while achieving a substantial decrease
in chromatographic run time [9].

The situation becomes more complex for quantification of the
remaining target analytes (acids and esters) as their naturally
occurring levels are often too low for direct split injection. Although
sample preparation, extraction, and concentration techniques can
be employed, direct injection is preferable due to simplicity and
cost considerations. When spirits were directly injected with a low
split ratio to a 50 m phenylmethyl silicone column, 23 compounds
were identified, which includes most of the previously mentioned
fusel and other abundant compounds [10]. However, the important
lower acids were not amenable to this approach due to incompat-

ibility with the apolar phase. Direct splitless injection to a bonded
FFAP (free fatty acid phase) capillary column succeeded in profiling
many of the less abundant target compounds in a full malt whiskey
[11]. An undesirable consequence of this approach is that the water
transferred to the column in splitless mode progressively strips

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:kevin.macnamara@idl.ie
dx.doi.org/10.1016/j.chroma.2009.11.010
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he acidity function from the FFAP column. The acidity function
n FFAP is a weak ester bond resulting from the modification of a
tandard carbowax polymer with nitroterephthalic acid and is eas-
ly hydrolyzed. This results in more frequent column changes due
o retention time shifts as acids begin both to elute progressively
arlier with increased tailing and undergo elution order reversals
ith non-acidic compounds [12].

A GC–MS protocol has been described for 19 acids and phenolic
ompounds in distilled spirits, which involves a pre-concentration
rocedure based on an anion-exchange disk extraction combined
ith an in-vial elution and silylation step [13]. The analytes rep-

esented a cross-section of volatile and semi-volatile organics, and
ncluded wood-derived phenolic aldehydes and acids, which are
sually determined together with other similar compounds by
PLC. Again, lower fatty acids were not profiled. Direct injection
ith a split ratio of 1–3 in an effort to quantify the trace compounds

n cider spirits resulted in poor peak symmetry with pronounced
ailing for the acids, probably due to the substantial amount of
ater transferred to the column [14].

Recent advances in GC instrumental and column technologies
nd MS software have now combined to offer novel alternative
trategies for direct analysis of important low level compounds in
istilled spirits. An important development is the increasing use
f programmed temperature vapourization (PTV) injection, where
he sample can be introduced at ambient or sub-ambient tem-
eratures. This technology offers the possibility of large volume

njection with removal of solvent in the injection port liner to enrich
race level analytes. When applied to distilled spirits, the solvent to
e removed is the natural ethanol–water base. In this technique, the
plit vent is kept open for a certain period of time, with appropriate
plit flows and injector temperatures used to vent the solvent while
etaining the analytes of interest in the liner. When the injector is
witched to splitless mode, analytes are transferred to the column
y rapid ballistic heating of the injector port. Moderate injection
olumes (up to 20 �L on a 2.0 mm liner) can be injected “at once”,
.e. without any injection speed programming [15]. As the amount
njected is increased, injection speed is important because solvent

ust be removed in the gas phase to avoid analyte loss with liquid
olvent in the split line. Normally a liner packing is used to support
he solvent during its removal.

The interactions between the various parameters involved sug-
est an equation which calculates the maximum rate of injection for
particular solvent based on the solvent vapour pressure, split gas
enting flow, PTV temperature, and other factors [16]. Water can
lso be vented in this way but calculated values for the optimum
njection rate will be too high because some practical consider-
tions are not considered [17–19]. In particular, the actual PTV
emperature will always be lower than adjusted due to cooling
ithin the liner by the evaporation process, and the split gas flow
ill have a lower than theoretical saturation with water vapour.
evertheless, theoretical conditions can be adjusted and there are
any successful publications related to solvent venting of water or
ater containing matrices such as alcoholic beverages. Large vol-
me injection with speed programming of wine and wine distillates
or the analysis of a 13 compound test mixtures in comparison to
iquid-liquid extraction has been reported [20,21]. Surface water

as also analyzed for low level contaminants after large volume
njection to a Tenax packed liner held at 20 ◦C using an injection
ate of 12 �L/min [22]. Direct solvent vent injection of distilled spir-
ts was investigated in an attempt to quantify all target acids and
sters [23]. Liners packed with either Tenax or glass wool were

nvestigated for injection volumes of 5, 10 and 50 �L at an injec-
ion rate 5 �L/min. All target analytes were profiled but difficulties
ere experienced in validating a quantitative procedure. Repro-
ucibility for the later eluting high boiling analytes was poor on
enax because of excessive adsorptive retention due to non-specific
gr. A 1217 (2010) 136–142 137

hydrophobic interactions. Glass wool caused similar problems for
lower boiling analytes due to lack of retention.

In this paper, we report an optimum set of injection condi-
tions which allows acceptable quantification of all target analytes.
An absorptive packing is used in the liner for more efficient and
less stressful transfer of analytes to the column. A routine at-once
injection with moderate injection volumes of 5–10 �L is used and
automated injection port liner exchange extends the utility of the
protocol for multiple sample analysis. Levels of target compounds
in distilled spirits can vary widely depending on both specific dis-
tillation procedures used and the final blending ratios used for
commercial products. The ability to tune the injection volume to
specific products or compound groups is therefore important and
offers an additional practical parameter before final splitless trans-
fer of analytes to the column. Finally, the GC separation is run on a
fast narrow-bore column and MS deconvolution software is applied
for quantification of coeluting analytes and analytes masked by the
matrix. This deconvolution software has been successfully applied
in other applications [24,25]. Columns with 0.15 mm internal diam-
eter offer circa. 40% additional plates per meter compared to a
standard 0.25 mm column, allowing shorter lengths to be used
without sacrificing resolution. They also have a much higher opti-
mum gas velocity and in this work these factors combined to reduce
chromatographic run time from the normal 70 min to 30 min.

2. Experimental

2.1. Standards and reagents

All target analytes as well as the internal standards methyl
myristate, methyl stearate, and acetic acid 13C2 were obtained
from Sigma–Aldrich (Wicklow, Ireland), and were used as received
(at least 99% pure). The propionic-3,3,3-d3 acid, 2-methyl-d3-
propionic acid, 3-methylbutyric-d9 acid and the decanoic-d19 acid
internal standards were obtained from QMX Laboratories (Thaxted,
Essex, UK) and had similar purity. Standard working solutions were
prepared by dilution in high purity distilled ethanol. Stock solutions
of acids, esters and internal standards were prepared from indi-
vidual solutions by serial dilution in distilled ethanol and reagent
grade water (40:60). These solutions were used to prepare calibra-
tion mixtures of analytes with levels of the individual compounds
reflecting ranges found in commercial whiskey. Samples analyzed
were both full malt and blended whiskies at 40% (v/v).

2.2. Gas chromatography/mass spectrometry

The system consisted of an Agilent 6890 GC connected to an
Agilent 5975 Mass Selective Detector (Agilent Technologies, Palo
Alto, CA). The GC was further equipped with a peltier cooled PTV
injector (CIS-4, Gerstel, Mülheim an der Ruhr, Germany). The col-
umn used was a 25 m × 0.15 mm I.D. × 0.25 film thickness CP-7686
FFAP (Varian, Middleburg, The Netherlands). The oven program was
50 ◦C, 2 min, 10 ◦C/min to 165 ◦C, 20 ◦C/min to 240 ◦C and held for
12 min. The carrier gas was helium with a constant head pressure
of 370 kPa to give a nominal initial flow of 1.4 mL/min. This initial
liner flow is advantageous for splitless transfer of compounds to the
narrow-bore column. A splitless time of 11 min was possible as all
fusel and other low boiling compounds before this time are vented
with the solvent. The mass selective detector was operated in scan
mode with a range of 25–350 m/z units. The transfer line for the

column was maintained at 240 ◦C. The quadrupole and ion source
temperatures were 150 and 230 ◦C, respectively, and the electron
multiplier voltage was 1600 eV.

Direct injection of spirit was performed with a Gerstel MPX-2
autosampler equipped with a 10 �L syringe. The autosampler was
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lso equipped with an ALEX automatic liner exchange device (Ger-
tel, Mülheim an der Ruhr, Germany), which allowed both standard
iquid injection and automatic liner exchange at any predetermined
requency during a multisample analysis sequence. Essentially, lin-
rs can be replaced before overload with non-volatile material and
his function is especially useful when injecting larger volume.

.2.1. Solvent vent injection
Injection port liners were 2 mm-deactivated glass and two

ifferent packings were investigated. These were 3% Rxi-1 (poly-
imethylsiloxane) on 80/100 Silcoport W and 10% Stabilwax DA
polyethylene glycol) on 100/120 Silcoport W (Restek, Bellefonte,
A). Liners were packed with 2 cm of material and packings were
upported on a small plug of deactivated quartz wool inserted
nto the bottom of the liner. The autosampler was programmed
o inject 5 �L (acids and esters) or 10 �L (trace phenolics and lac-
ones) of a standard or sample without speed programming at an
njection penetration of 45 mm. This resulted in the injected liquid
epositing on top of the liner packing. The injector temperature
as held at 20 ◦C for 2.2 min, then ramped at 10 ◦C/s to 230 ◦C (Sta-

ilwax) or 320 ◦C (Rxi-1) and held for 10 min. The venting flow
or ethanol–water removal at the initial injector temperature was
ontrolled by the GC pneumatics and was set to 200 mL/min for
min. After this 2 min, the inlet pneumatics automatically reverts

o splitless mode and the injector heating program commences at
.2 min to transfer analytes to the column. Liners were changed
fter a maximum of five injections during analysis.

.2.2. Split injection
The autosampler was programmed to inject 1 �L of a stan-

ard or sample solution without speed programming. Liners used
ere 2.0 mm glass packed with deactivated glass wool (Restek,
ellefonte, PA). The injector temperature program was 60 ◦C then

mmediately ramped at a rate of 10 ◦C/s to 320 ◦C and held for
0 min. The injector was operated at a 1:20 split ratio.

.3. Identification and quantitation of whiskey target compounds

Each data file for standards and samples was analyzed by the
FDTM mass spectral deconvolution algorithms (Ion Signature Tech-
ology, North Smithfield, RI). The software identifies and quantifies
ompounds based on the mass spectral patterns of at least three
ons per compound. In this study, the main (quant) ion and two
r three of the most abundant qualifier ions were used. These pat-
erns exclude, for the most part, typical hydrocarbon ions. By proper
hoice of ions, compounds coeluting with non-target matrix and
ven coeluting analytes can be deconvolved and individually quan-
ified. Interactive features are also available in the software to allow
he analyst to increase the acceptable accuracy of the expected

ass spectral pattern when required for exclusion of non-target
aterial. Response factors (RFs) were used to estimate analyte con-

entrations in the whiskey and for comparing split versus solvent
ent results:

F = responsetarget/responseinternal standard

concentrationtarget/concentrationinternal standard
.

tandards of 200 ppm for each internal standard and 500 ppm of
ach target compound for the comparative split injection method
ere made in an 80% (v/v) ethanol solution. This solution was then
iluted 1:100 with 40% (v/v) ethanol to use for the solvent vent
ethod resulting in 5 ppm of each compound and 2 ppm of each
nternal standard.
The samples for the calibration curves were created separately

n a three level calibration curve ranging from 0.2 to 1.0 ppm
higher esters), 1.0 to 5.0 ppm (lower acids), 2.0 to 10.0 ppm, 4.0 to
0.0 ppm (selected acids and esters) and 39.0 to 192.0 ppm (acetic
Fig. 1. Total ion chromatograms of a 5 �L solvent vent injection, top, and a standard
1 �L split injection, bottom.

acid). For the internal standard concentrations, methyl myristate,
d3-propionic acid, d3-isobutyric acid, d9-isovaleric acid and d19-
decanoic acid were 5 ppm, acetic acid 13C2 was 50 ppm and methyl
stearate was 2 ppm. Each concentration level was run in triplicate.
The average response factor %RSD at each concentration was <5% for
each target analyte and <10% over the calibration range analyzed.

3. Results and discussion

3.1. Evaluation of solvent vent in comparison to split injection

Table 1 lists the analytes and their corresponding internal stan-
dards, retention times, target ions and expected abundances used
for deconvolution. Seven internal standards in total were used, with
each of the five lower acids having its own internal standard. This
was found to be necessary for acceptable recovery and quantifi-
cation. The reason is most likely related to the two minutes these
active compounds reside on the inlet packing as the solvent is being
removed.

Fig. 1 compares the 5 �L solvent vent injection (SV, top) and
the standard 1 �L split injection (bottom) total ion chromatograms
(TIC). For purposes of comparison, 25 ng of each compound and
10 ng of each internal standard should be on-column for both injec-
tion modes. Visually, each compound pair appears to have the same
approximate peak height. The slightly earlier retention times for
initial peaks in split mode occurs because the transfer of sample to
the column occurs without the 2 min solvent vent delay. Table 2
lists the average response factors (RFAve) for the split and solvent
vent injections and their ratios (RFSplit

Ave /RFSV
Ave). This response fac-

tor is based on a single calibrant concentration standard. Included
in the solvent vent data are the RFAve for both the Rxi-1 and Sta-
bilwax packings. Measurement precision is excellent for the Rxi-1
packing, with the exception of propionic acid and isovaleric acid,
where percent relative deviations (%RSD) are 13.2% and 25.8%
when d3-isobutyric acid is the common internal standard for these
three acids. By adding d3-propionic acid and d9-isovaleric acid as

internal standards for corresponding non-deuterated compounds
(progressing from five to seven internal standards in total), all RSD’s
are less than 10% on Rxi-1. Although the SV %RSD’s are marginally
higher than for the split injection, they are well within the crite-
rion for quantitative data. In contrast, five compounds yield RSD’s
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Table 1
Whiskey target compounds and their internal standards (italicized) with retention times, ions and relative abundances.

No. Compound RT, min Main Ion Ion 1 (%RA) Ion 2 (%RA) Ion 3 (%RA)

1 Methyl myristate 16.97 74 87 (70) 143 (24)
2 Ethyl caprylate 10.54 88 101 (39) 127 (32)
3 Ethyl caprate 13.23 88 101 (46) 155 (23)
4 �-Phenyl ethyl acetate 15.46 104 105 (12) 91 (18) 43 (30)
5 Ethyl laurate 15.59 183 228 (41) 185 (76) 157 (96)
6 �-Phenyl ethyl alcohol 16.33 91 92 (57) 122 (29)
7 Ethyl myristate 17.25 88 256 (10) 213 (15) 157 (19)

8 d3-Propionic acid 11.9 77 76 (35) 75 (20) 60 (42)
9 Propionic acid 11.92 74 73 (70) 45 (95)

10 d3-Isobutyric acid 12.28 91 76 (97) 46 (550)
11 Isobutyric acid 12.31 88 73 (418) 43 (663)

12 d9-Isovaleric acid 13.47 63 64 (24) 93 (25) 50 (23)
13 Isovaleric acid 13.56 60 87 (24) 45 (22)

14 d19-Decanoic acid 18.49 77 191 (12) 141 (72) 157 (9)
15 Caproic acid 15.59 87 99 (16) 74 (56)
16 Caprylic acid 17.31 85 84 (95) 87 (72)
17 Decanoic acid 18.6 129 143 (18) 172 (11)
18 Lauric acid 20.06 73 60 (80) 129 (45) 157 (35)
19 Myristic acid 22.07 73 228 (27) 185 (40) 129 (57)

20 Acetic acid 13C2 10.83 46 44 (32) 62 (77)
21 Acetic acid 10.83 60 43 (148) 42 (26)

22 Methyl stearate 19.62 74 87 (72) 199 (11) 298 (22)
23 Ethyl hexadecanoate 18.54 88 101 (60) 157 (18)
24 Ethyl-9-hexadecenoate 18.7 55 194 (27) 236 (27) 237 (22)
25 Ethyl stearate 19.92 88 101 (60) 157 (19) 312 (20)
26 Ethyl oleate 20.12 264 265 (84) 222 (61) 180 (48)
27 Ethyl linoleate 20.53 67 95 (72) 263 (21) 308 (14)
28 Ethyl linolenate 21.12 79 95 (62) 108 (41) 261 (6)

Table 2
Average response factors (RFAve) from 1 �L 1:20 split injection and 5 �L solvent vent (SV) injection method and their ratios. The compounds are listed with their corresponding
internal standards, which are italicized.

Compound Split injection (n = 7) SV injection on Rxi-1 (n = 42) SV injection on Stabilwax (n = 42)

RFAve %RSD RFAve %RSD RFAve,Split/RFAve,SV RFAve %RSD RFAve,Split/RFAve,SV

Methyl myristate – – – – – – – –
Ethyl caprylate 0.68 0.8 0.48 8.8 1.41 0.03 18.3 25.45
Ethyl caprate 0.66 0.6 0.61 5.8 1.09 0.11 10.6 6.25
�-Phenyl ethyl acetate 1.64 0.9 1.69 4.3 0.97 1.55 5.3 1.06
Ethyl laurate 0.13 1.7 0.12 3.9 1.08 0.13 3.8 1.04
�-Phenyl ethyl alcohol 1.41 0.6 1.34 9.4 1.05 1.58 2.9 0.90
Ethyl myristate 0.91 0.5 0.87 1.9 1.04 0.88 0.8 1.03

d3-Isobutyric acid – – – – – – – –
Propionic acid 2.84 2.0 2.27 13.2 1.25 2.67 5.1 1.06
Isobutyric acid 0.89 1.2 0.83 10.1 1.07 0.94 2.4 0.95
Isovaleric acid 9.76 1.1 20.74 25.8 0.47 10.62 2.7 0.92

d19-Decanoic acid – – – – – – – –
Caproic acid 2.20 1.8 1.94 6.6 1.13 2.11 20.8 1.04
Caprylic acid 0.42 1.2 0.40 5.5 1.06 0.42 14.2 1.02
Decanoic acid 0.92 0.8 0.85 4.0 1.08 0.80 3.9 1.15
Lauric acid 1.52 0.9 1.34 3.5 1.14 1.15 8.9 1.32
Myristic acid 1.10 3.4 0.95 7.5 1.16 0.63 29.0 1.76

Acetic acid 13C2 – – – – – – – –
Acetic acid 1.04 1.6 1.17 4.7 0.89 1.27 5.2 0.82

Methyl stearate – – – – – – – –
Ethyl hexadecanoate 0.52 0.8 0.58 2.1 0.91 0.58 4.3 0.91
Ethyl-9-hexadecenoate 0.35 0.7 0.41 3.5 0.87 0.42 4.1 0.84
Ethyl stearate 0.89 2.0 0.80 1.3 1.10 0.82 3.8 1.07
Ethyl oleate 0.15 2.5 0.14 4.2 1.07 0.16 4.9 0.94
Ethyl linoleate 0.36 2.1 0.40 4.0 0.91 0.46 3.1 0.79
Ethyl linolenate 0.44 1.0 0.44 5.5 0.99 0.56 3.7 0.78

d3-Propionic acid – – – – –
Propionic acid 0.698 1.7 0.722 2.6 0.97

d9-Isovaleric acid – – – – –
Isovaleric acid 0.896 0.8 0.920 1.9 0.97
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reater than 10% on Stabilwax. Higher acids seem to have partic-
lar difficulty desorbing from this packing and this is most likely
elated to the lower maximum allowable temperature. These anal-
ses, n = 42, were performed over several months using at least six
ifferent liners per packing.

The RFAve,Split/RFAve,SV ratio was used to compare on-column
mounts for the SV injection technique to standard split injection.
he ratio for all target compounds on Rxi-1 packing was excellent
xcept for ethyl caprylate, presumably due to small differences
etween its boiling point and the solvent vent injector tempera-
ure, resulting in poorer recovery. In any case, this compound is
sually at a level in spirits where it can be adequately quantified by
he simple split injection [7]. The average ratio for all whiskey tar-
et compounds was 1.05 ± 11.3%. Poorer results were obtained on
he Stabilwax; if ethyl caprylate and ethyl caprate are excluded, the
verage ratio for all remaining target compounds is 1.02 ± 21.8%. On
he Stabilwax packing, ethyl caprylate and ethyl caprate are statis-
ical outliers and are badly under-recovered while ethyl linoleate
nd ethyl linolenate are over-recovered. It is unclear why these two
ompounds behaved badly on this packing. Given these quantita-
ive differences, the Rxi-1 packed inlet was selected for routine use
o estimate compound and spiked concentrations in whiskey.

.2. Target compound spiked whiskey analysis

To further explore the ability of the deconvolution software to
uantify target analytes, each compound’s concentration was esti-
ated in an original whiskey sample. Prior to analysis, a three-point

alibration curve of target compounds in 40% ethanol (v/v) pro-
uced an average RSD for RFAve of 6% for all compounds except for
thyl caprylate and �-phenyl ethyl alcohol which yielded a RFAve
SD of 16% and 20%, respectively. For these two compounds, the
FAve of the concentration level closest to the sample concentra-
ion was used. When the RFAve RSD for each compound was less
han 10%, the correlation coefficient was 0.999. The concentration
evels chosen roughly mirror levels found in blended whiskey.

Additionally, the two lowest calibration standard levels used to
ake the calibration curve were individually spiked into two sam-

les of the original whiskey. Table 3 lists the results of the average
oncentration for each compound found in the original and spiked
hiskey samples. The average RSD for all compounds found natu-

ally in the test whiskey was 3.7%, with all target compounds less
han 15%. These results are impressive when one considers that

ore than two-thirds of the target compounds were below the low-
st calibration point and many at the instrument detection level.
easurement accuracy was also excellent, despite the fact that

ne-third of the target compounds was spiked at concentrations
elow the measured amount in the sample. The average precision
or the Level 1 spiked sample was 2.6%, with an average recovery
f 105 ± 10%. Similarly, Level 2 precision and accuracy were 2.7%
nd 108 ± 12%, respectively, with caproic acid over-recovered and
utside of the acceptable range for quantitative data, i.e. ±20%.

Fig. 2 displays the total and reconstructed ion chromatograms
or two sets of coeluting compounds. Even when compounds are
erfectly coeluting, the software is able to identify and quantify
arget compounds. For example, compounds pair peaks for acetic
cid 13C2 (20) and acetic acid (21) completely overlap with each
ther and the matrix, see Fig. 2a, as do compound pair peaks for
auric acid (18) and ethyl oleate (26), see Fig. 2b. Note that the
ignals for the compound pair 20 and 21 differ by a factor of 10
s expected, since the internal standard (20) is approximately 10

imes that of the acetic acid found naturally in this sample. Fig. 2c
epicts the results of ethyl oleate deconvolution in the presence
f lauric acid, which is 13 times greater in concentration. The fig-
re shows a peak height signal of 2500 counts, with a peak area
t 4.2 million. Only those peak scans that have been converted to
Fig. 2. TIC and RIC for target compounds in a whiskey, refer to Table 1 for peak
compound information. (a) Acetic acid 13C2 (20) and acetic acid (21), (b) lauric acid
(18) and ethyl oleate (26) and (c) deconvolved RIC for ethyl oleate as visualized in
the Ion Signature deconvolution software.

bars (four per scan) are integrated. Identification occurs when ion
abundance ratios for main (blue) and confirming ions (green, aqua
blue and brown), after normalization to the main ion at each scan,
are within the acceptance criterion set by the analyst. The figure
shows higher than expected ion signals at m/z 180 on the right-
hand side of the peak. The algorithms mathematically adjust ion
signals by comparing scan-to-scan difference across the peak. Only
those scans that fall within the acceptance criterion appear as bars
and are integrated, which makes the compound identification and
quantification easy to inspect.

3.3. Trace phenolics and lactones

The ability to tune the injection volume when solvent vent-
ing can be productively applied to detect sub-ppm compounds of
importance in distilled spirits. The only prerequisite is that cor-
rect conditions are used to allow target analytes to remain in
the liner during solvent removal. If the solvent is not removed
totally as vapour, then the analytes can be lost with liquid solvent
in the vent line. For an at-once injection this requires an injec-
tion volume compatible with the liner packing capacity together
with suitable venting conditions for removal of this volume as
vapour.
Table 4 lists 21 compounds with retention times and target
ions. These compounds represent contributions from two impor-
tant traditional operations in whiskey production, namely, the
drying procedure used in raw material malt production, and the
ageing step in oak barrels. When peat smoke is used in the dry-
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Table 3
Concentrations of whiskey target compounds and their recoveries for a test whiskey and two spiked samples measured in ng/�L.

Compound Whiskey (n = 3) %RSD Whiskey with spike Level 1 (n = 3) Whiskey with spike Level 2 (n = 3)

ConcAve Spike 1 ConcAve %RSD %Recovery Spike 2 ConcAve %RSD %Recovery

Ethyl caprylate 1.17 6.3 2 2.93 2.4 93 6 6.17 11.7 86
Ethyl caprate 3.97 1.5 4 8.27 0.7 104 12 16.00 0.0 100
�-Phenyl ethyl acetate 0.61 1.0 0.4 1.00 0.0 99 1.2 1.77 3.3 98
Ethyl laurate 2.40 0.0 2 4.50 0.0 102 6 8.63 1.3 103
�-Phenyl ethyl alcohol 4.44 2.1 4 9.29 1.0 110 12 13.41 3.5 82
Ethyl myristate 0.27 0.0 0.4 0.71 1.6 106 1.2 1.60 0.0 109
Propionic acid 0.14 7.1 1 1.33 15.6 117 3 3.23 7.8 103
Isobutyric acid 0.43 15.2 1 1.67 3.5 117 3 3.77 11.1 110
Isovaleric acid 0.20 2.8 1 1.37 4.2 114 3 3.77 1.5 118
Caproic acid 0.84 2.1 1 2.00 0.0 109 3 5.07 3.0 132
Caprylic acid 3.17 1.8 2 6.10 1.6 118 6 11.00 0.0 120
Decanoic acid 3.90 0.0 4 9.07 0.6 115 12 19.00 0.0 119
Lauric acid 1.90 10.5 4 6.83 0.8 116 12 16.00 0.0 115
Myristic acid 0.35 15.1 2 2.37 8.8 101 6 7.20 6.4 113
Acetic acid 5.27 2.2 39 50.00 2.0 113 115 140.00 0.0 116
Ethyl hexadecanoate 0.77 2.0 0.4 1.10 0.0 94 1.2 2.00 0.0 101
Ethyl-9-hexadecenoate 0.83 0.7 0.4 1.10 0.0 89 1.2 1.93 3.0 95
Ethyl stearate 0.12 4.9 0.2 0.33 1.8 103 0.6 0.80 1.9 112
Ethyl oleate 0.15 3.8 0.2 0.36 1.6 101 0.6 0.80 3.1 107
Ethyl linoleate 0.12 0.0 0.2 0.34 1.7 107 0.6 0.82 1.2 114
Ethyl linolenate 0.24 2.4 0.2 0.44 4.7 102 0.6 0.98 0.6 117

%Recovery = ConcAve of whiskey with spike/(ConcAve of whiskey + spike).

Table 4
Trace compounds representing contributions from the important traditional operations of malt drying and ageing in whiskey production.

No. Compound RT, min Main ion Ion 1 (%RA) Ion 2 (%RA) Ion 3 (%RA)

1 Guaicol 15.92 109 124 (84) 81 (59) 53 (15)
2 Lactone-1 16.26 99 87 (16) 71 (28) 69 (23)
3 Homoguaicol 16.61 138 123 (88) 95 (29)
4 Lactone-2 16.85 99 87 (23) 71 (25) 69 (27)
5 m-Cresol 17.06 108 107 (87) 77 (33) 79 (32)
6 Phenol 17.07 94 95 (12) 66 (29) 65 (22)
7 2-Ethyl phenol 17.54 107 108 (9) 122 (45) 77 (25)
8 2,4-Dimethyl phenol 17.55 122 107 (102) 121 (56) 77 (27)
9 p-Cresol 17.6 107 108 (102) 77 (29) 79 (30)

10 o-Cresol 17.6 108 107 (98) 77 (29) 79 (29)
11 4-Ethyl phenol 18.15 107 108 (8) 122 (34) 77 (16)
12 2,6-Dimethoxy phenol 18.78 154 139 (46) 111 (22) 96 (24)
13 Vanillin 21.58 152 151 (109) 81 (22) 109 (18)
14 Ethyl vanillate 21.85 151 196 (52) 168 (22) 123 (15)
15 Acetovanillone 22.1 151 166 (49) 123 (22)
16 Ethyl homovanillate 22.6 137 210 (24) 138 (14)
17 Syringaldehyde 26.92 182 181 (62) 167 (12) 183 (11)
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can be used with library data obtained from NIST, Wiley, Adams,
etc. to assign tentative identification to unknowns in the sample.
In this case, we confirmed the tentative assignments by spiking the
sample.
18 Ethyl syringate 27.6 18
19 Acetosyringone 28 18
20 Syringyl acetone 28.4 16
21 Ethyl homosyringate 29.07 16

ng procedure various low threshold phenolic compounds (phenol,
resols, etc.) are subsequently transmitted to the spirit [26,27]. On
he other hand, the ageing step produces important wood extrac-
ive organoleptic compounds such as the isomeric lactones and
ompounds 13–21.

Fig. 3 shows the TIC and RIC after a 10 �L injection of a malt
hiskey. Initially, these compounds were found by adding the

nown ion ratio information into the deconvolution method and
earching for them. Once found, known standards were purchased
xcept for syringyl acetone and spiked into the sample to confirm
dentity. Ethyl homovanillate, ethyl syringate and ethyl homosy-
ingate were available as synthetic standards from a previous
ork [28]. All targets were successfully extracted as clear peaks

rom the complex overlapping matrix spectra. This example clearly

hows the synergy between large volume injection and spectral
econvolution of the data: as the injection volume increases both
arget and non-target matrix signal increase in tandem, making
econvolution an important analytical tool when detecting trace
ompounds [29,30]. The example also illustrates how the software
226 (76) 198 (25) 211 (11)
196 (43) 153 (12)
210 (25) 168 (12)
240 (30) 168 (17)
Fig. 3. TIC and RIC of trace compounds identified in a malt whiskey sample, see
Table 4 for compound identities.
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. Conclusions

Trace and ultra-trace secondary compounds in aged distilled
pirits can be routinely detected and quantified by GC injection
ithout sample pre-treatment and using MS detection. The success

f the approach utilises the synergistic benefits between solvent
enting injection of suitable sample volumes with ambient tem-
erature retention of target analytes in the liner, and application of
ass spectral deconvolution of the target analytes in the data file.
disadvantage is that more frequent liner changing is required to

ccommodate larger injection volumes. Multiple internal standards
especially lower acids) are used for accurate quantification. These
tandards are readily available and represent lower cost when com-
ared to personnel and material costs for off-line classical sample
re-treatment and concentration. Short narrow-bore columns can
e used to substantially reduce GC run times as the deconvolu-
ion algorithms extract target compound profiles and areas from
oth other coeluting target and non-target matrix. This general
oncept can be effectively applied to other volatility compound
anges by proper choice of solvent vent injection and chromato-
raphic conditions followed by MS deconvolution. There are many
ore wood-originating compounds in aged spirits that will not

hromatographically elute from the polar phase used in this study.
owever, current results immediately suggest an extension of this
ork to high temperature apolar columns and using much larger

njection volumes with speed programming. Apolar phases will
ot be suitable for acids and other compounds, but a number of

ndividual analyses with different columns and different solvent
enting conditions could be envisaged for quantification of specific
ompound groups, allowing a stepwise build up of useful data.
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