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Zkumavka s.r.o., Nad octárnou 5/403, 162 00 Praha 6, Czech Republic
Institute for Science and Technology in Medicine, School of Medicine, Keele University, Thornburrow Drive, Hartshill, Stoke-on-Trent ST4 7QB, UK

r t i c l e i n f o

rticle history:
eceived 18 May 2009
eceived in revised form 3 June 2009
ccepted 4 June 2009
vailable online 12 June 2009

eywords:
elected ion flow tube mass spectrometry
IFT-MS
thanol

a b s t r a c t

Selected ion flow tube mass spectrometry, SIFT-MS, has been used to investigate if absolute levels of
trace compounds in the headspace of ethanol/water vapour mixture can be quantified. This case study
was directed towards the analysis of methylamine in distilled ethanol of agricultural origin because of
its relevance to quality control legislation in the distillery industry. This has required a detailed study of
the ion chemistry occurring – initiated by H3O+ precursor ions – when ethanol/water vapour mixtures
are introduced into the H3O+/helium carrier gas swarm and has resulted in the construction of a full
scheme of the complex ionic reactions that occur. It has been found that under the SIFT-MS flow reactor
conditions (He pressure 130 Pa and temperature 299 K) the terminating ions of the several parallel and
sequential reactions that occur are the proton bound ethanol clusters ions, C2H5OH2

+(C2H5OH)n, with

ethylamine

hemical ionisation
n = 1,2,3, proton bound trimer (n = 2) being the dominant species. These ethanol cluster ions can be used
as precursor (reagent) ions for the chemical ionisation of the methylamine present in the ethanol/water
vapour, which produces two characteristic product ions CH3NH2H+(C2H5OH)1,2 that are used for the
methylamine analysis. The ratio of the product ion count rate to the precursor ion count rate is used in
an analogous way to the routinely used for SIFT-MS analyses to quantify the methylamine concentration.
The results of calibration experiments show that using SIFT-MS it is possible to quantify methylamine in

tures
liquid ethanol/water mix

. Introduction

Quantification of methylamine in distilled ethanol of biologi-
al origin and in spirit drinks is of interests and importance in the
arious phases of production and quality control in the distillery
ndustry. The primary purpose of the present study was to test

hether or not selected ion flow tube mass spectrometry (SIFT-MS)
an be used to reliably quantify the concentration of methylamine
n both drinks-grade refined ethanol produced by the distillation of
ermented agricultural products and in spirit drinks. Methylamine,
H3NH2, is the simplest primary biogenic aliphatic amine. Such
mines, many of which are known to be hazardous to human health,

re found, for example, in (waste) water [1], decaying foodstuffs
uch as fish [2] and in the fermentation broths used for ethanol
roduction [3]. Methylamine and other toxic aliphatic amines are
ble to readily access the brain and spinal tissues and interfere
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f Sciences of the Czech Republic, Dolejškova 3, 182 23, Prague 8, Czech Republic.
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at levels of 0.1 mg/L or greater.
© 2009 Elsevier B.V. All rights reserved.

with neurological function [4]. Considerable amounts of these com-
pounds can be produced during food fermentation processes or
in food storage, especially if amino acid-decarboxylase positive
microorganisms are present. Several different amines, including
methylamine, have been identified in wine using high-performance
liquid chromatography (HPLC) following the indirect process of
derivatization [5,6]. Analyses of biogenic amines in foods, includ-
ing methylamine and larger amines like histamine, putrescine,
cadaverine and spermine, have received considerable attention
recently and the methods used for their analyses are reviewed in
[7].

Because of the potentially serious hazard to health, the produc-
tion of ethanol by the distillation of fermented agricultural products
is closely regulated. The levels of volatile bases containing nitro-
gen in the ethanol, including amines, must be known and these
are usually expressed in grams of nitrogen per hectolitre of alco-
hol at 100 vol%. [8]. The raw material that is fermented to produce

the ethanol must also be given. Because of the toxicity of methy-
lamine, a legal limit is imposed on its concentration in spirit in some
countries and regions. In the Czech Republic this limit is legislated
as 1 mg/L of 100% ethanol [9]. Currently, the amount of nitrogen-
containing bases is determined as the content of methylamine by

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:spanel@jh-inst.cas.cz
dx.doi.org/10.1016/j.ijms.2009.06.002
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itration with 0.005 mol/L solution of sulphuric acid using a colour
hange as an indicator or by gas chromatography [9].

It would be very advantageous if the methylamine content was
ore quickly assayed than is currently possible using the tech-

iques mentioned above. In this respect, our pilot experiments have
uggested that SIFT-MS is a more rapid analytical method. SIFT-
S quantification is based on chemical ionisation using selected

recursor (reagent) ions (H3O+, NO+ and O2
+ are available) that

re injected into a flow tube where they selectively react rapidly
ith trace gases present in air, breath or liquid headspace sam-
les that are introduced into the helium carrier gas (but react only
lowly with the major components of air and water vapour) result-
ng in characteristic product ions [10]. Thus, extensive studies of
xhaled breath, urine and cell culture headspace and other systems
ave been carried that demonstrate well the value and potential
f this analytical technique; the results of these studies have been
eviewed in recent papers [10,11,12].

Previous work has revealed that the analysis of trace amounts
f alcohols and amines in air or exhaled breath is best carried out
sing H3O+ precursor ions [13]. However, when the headspace of

iquid ethanol or concentrated ethanol/water mixtures is applied
irectly to the input port of the SIFT-MS instrument, the flow rate
f ethanol (headspace) vapour is such that the injected H3O+ pre-
ursor ions are totally consumed and protonated ethanol clusters
ominate the product ions formed, as can be seen in the spec-
ra shown in Section 3. Obviously, under such sample conditions
he conventional mode of analysis using H3O+ ions to analyse
race amounts of compounds in the ethanol vapour cannot be
chieved. However, all is not lost because the ethanol cluster ions
an themselves be used as precursor ions for the analysis of trace
ompounds with which they react, amines being prime examples.
ut to achieve this it is essential to understand the complex ion
hemistry occurring and to describe the detailed reaction scheme
f accurate analyses are to be realised of the trace gases present

n the ethanol/water vapour mixtures such as headspace of dis-
illed ethanol and of spirit drinks. Such an approach has been
reviously attempted using proton transfer reaction mass spec-
rometry to obtain characteristic mass spectral fingerprints of the
olatile compounds emitted by several different wine varieties [14].

Fig. 1. Schematic diagram of SIFT-MS configured for headspace a
Mass Spectrometry 286 (2009) 1–6

However, neither the identification of the product ions nor the
quantification of the trace compounds in the wine headspace was
obtained.

Thus, the objective of the present study was first to understand
the ion chemistry occurring in the SIFT-MS flow tube reactor in
the presence of excess concentrations of ethanol vapour and from
these gas phase analyses to quantify methylamine in liquid ethanol,
validating these analyses using standard mixtures of methylamine
in ethanol over a range of concentrations relevant to the limits
imposed by current legislation.

2. Experimental

A Profile 3 SIFT-MS instrument (manufactured by Instrument
Science Limited, Crewe, UK) was used for these studies. Its prin-
ciple of operation and its special features have been outlined in
previous papers [10,15]. Using this generation of SIFT-MS instru-
ments, concentrations of trace gases can be determined down to
the parts-per-billion, ppb, level in just a few seconds of data acqui-
sition time, which allows the time profiles of some metabolites in
single breath exhalations to be described. A special feature of these
SIFT-MS instruments is that calibration is unnecessary to obtain
absolute quantification [16]. This method has been described thor-
oughly in previous papers [10,16] so only some particular details are
required here. The helium carrier gas was at a pressure of typically
1 Torr at the ambient temperature, which was 26 ◦C, and both pres-
sure and temperature were recorded during every measurement.
For headspace analyses, the liquid samples were contained in vials
of volume 25 mL sealed with septa and the headspace volatiles were
introduced into the helium carrier gas of the SIFT-MS instrument
via a calibrated capillary, as illustrated in Fig. 1. A PEEK capillary
was used with internal diameter of 0.25 mm providing a sample
flow rate of 0.3 Torr L/s (24 sccm), which is routinely used for anal-
yses of air samples containing water vapour at pressure equivalent

to the saturation vapour pressure of water at 37 ◦C as pertains to
exhaled breath or liquid headspace.

The first experiments involved the introduction of the headspace
vapour from mixtures of ethanol in water at varying dilutions up
to 97% ethanol. Distilled ethanol of biological origin, strength 97%,

nalyses of ethanol/water vapour/trace compound samples.
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(CH3NH2H+) decreases because the H3O+ precursors ion signal is
K. Dryahina et al. / International Jou

as used to prepare these mixtures (supplied as a quality control
ample from a production plant at the distillery BIOFERM – liho-
ar Kolín, a.s.). Methylamine has been added to these mixtures at
concentration of 10 mg/L to allow its clear identification on the
ass spectra, recorded in the full scan mode. Characteristic ions

f methylamine were indeed seen that originate from the reac-
ions of ethanol cluster ions with the trace methylamine. Hence,
kinetic database library entry was constructed that allows this

mine to be quantified in the headspace above the ethanol. These
xperiments were followed up by introducing known amounts of
ethylamine into pure ethanol liquid (producing concentrations

f 0.1–0.4 mg/L) at two different temperatures and duly analysing
he liquid headspace by monitoring the signals of ions included in
his library entry that are signatures of methylamine and which
an ultimately be used to determine the concentration of this com-
ound in the liquid ethanol. Finally, calibration plots of headspace
oncentration as a function of the liquid concentrations were
onstructed and interpreted in the terms of the Henry’s law coeffi-
ients.

. Results

.1. Ion chemistry in water vapour and ethanol vapour mixtures

The major product ions that result when the headspace of
thanol/water mixture containing a trace of methylamine is
ampled into the carrier gas are revealed by full scan (FS) SIFT-
S spectra over the mass-to-charge ratio, m/z, range from 10

o 200 as exemplified in Fig. 2 for three ethanol/water dilu-
ions. As can be seen, the H3O+ precursor ions react with
ater and ethanol molecules producing both hydrated hydro-
ium ions H3O+(H2O)1,2,3, protonated ethanol and its hydrates
2H5OH2

+(H2O)0,1,2 and ultimately at high ethanol concentrations
he ion at m/z 139, which is the protonated ethanol ion to which
hree ethanol molecules are clustered, C2H5OH2

+(C2H5OH)3. This
on is so dominant at the high concentration of ethanol that it can,
n principle, be used as a precursor ion for SIFT-MS analyses of very
asic molecules with large proton affinities such as amines [10]. A
oint to note is that small signals of O2

+ ions at m/z 32 are ever
resent on SIFT-MS spectra when using H3O+ precursor ions. These
re typically at a signal level of 1% or less of the H3O+ signal and
hus play little part in SIFT-MS analyses except at sub-ppb levels
10]. However, it is worthy of note for the present study that these
ons are at the same m/z value of 32 as protonated methylamine,
H3NH2H+ (see Section 3.2).

The progression of this ion chemistry is best followed using
he multiple ion monitoring (MIM) mode of SIFT-MS operation in
hich the signal levels of the H3O+ precursor ion and the product

ons, as revealed by the FS spectra shown in Fig. 2, are moni-
ored as the headspace of the ethanol/water mixtures at increasing
oncentrations is introduced into the helium carrier gas. The sam-
le data in Fig. 3 clearly show that the H3O+(H2O)0,1,2,3 and the
2H5OH2

+(C2H5OH)0,1,2 ions are removed as the ethanol concen-
ration in the liquid solution is increased above 10% to be replaced
y the C2H5OH2

+(C2H5OH)3 ion at m/z 139 together with a smaller
ignal of the higher order ethanol cluster ion C2H5OH2

+(C2H5OH)4
t m/z 185 that finally reaches about 15% of the total ion signal at
he highest ethanol fraction in the liquid. Also present are minor
ignals (<1%) of the proton bound dimer C2H5OH2

+·C2H5OH at m/z
3 and its monohydrate at m/z 111.

The generalised scheme of the complex ion chemistry occur-

ing is shown in Fig. 4. In these studies H3O+ is the precursor
on that initiates the ion chemistry. At high concentrations of
ater the H3O+ ions are rapidly hydrated to H3O+(H2O)1,2,3 ions.
eactions of organic molecules M (e.g., ethanol) with H3O+ ions
re dominated by exothermic proton transfer reactions to pro-
Mass Spectrometry 286 (2009) 1–6 3

duce MH+ ions (e.g., C2H5OH2
+), which can also react with the

water molecules present to form hydrated protonated ethanol ions.
The latter can also be produced in the reactions of the hydrated
H3O+ ions with M. Then sequential reactions that involve ligand
switching of H2O molecules by C2H5OH molecules form proto-
nated ethanol cluster ions. In Fig. 4 the formation of H3O+(H2O)1,2,3
ions and the C2H5OH2

+(C2H5OH)1,2,3 ions is shown in the verti-
cal and horizontal directions, respectively and production of the
mixed clusters is possible by alternative routes, as indicated. All
ions from the H3O+(H2O)1,2,3 group are efficiently removed by
their reactions with ethanol molecules. Note that H3O+(H2O)3 does
not react directly with ethanol [13] and thus the pathway for its
removal begins by thermal dissociation in the helium carrier gas
to H3O+(H2O)2 which then rapidly reacts with ethanol molecules.
The double arrows indicate the possibility of reverse reaction at the
temperature of the helium carrier gas of about 26 ◦C. Thus, the con-
centrations of each pair of ions connected by double arrows can
approach ion–molecule kinetic equilibrium. Hence, as is evident in
Fig. 3, the terminating ion is largely the protonated ethanol trimer
at m/z 139 at all but the largest concentrations of ethanol in the liq-
uid mixture when the contribution of protonated ethanol tetramer
at m/z 185 becomes significant.

3.2. Ion chemistry in water vapour and ethanol vapour mixtures
containing trace amounts of methylamine

The question now is whether or not the terminating ions
C2H5OH2

+(C2H5OH)1,2,3 can be used to quantify trace amounts of
methylamine in ethanol solution in a way analogous to the use
of H3O+(H2O)1,2,3 ions in traditional SIFT-MS analyses. The SIFT-
MS spectra in Fig. 2 reveal that when methylamine is present at
trace concentrations in the ethanol liquid (and in the vapour),
ions appear in the spectra at m/z values of 78 and 124 that
are certainly not present in the spectra obtained using the pure
ethanol/water mixture. Thus, these two ion species are due to
the presence of methylamine in the ethanol. They are identified
as CH3NH2H+(C2H5OH) and CH3NH2H+(C2H5OH)2. They are pro-
duced, predominantly, in the reaction of the C2H5OH2

+(C2H5OH)2
precursor ion at m/z 139 with methylamine, CH3NH2:

C2H5OH2
+(C2H5OH)2 + CH3NH2 → CH3NH2H+(C2H5OH)

+ 2C2H5OH (1a)

CH3NH2H+(C2H5OH)2 + C2H5OH (1b)

These are examples of the well-understood ligand switching
reactions [8,13]. Reaction of C2H5OH2

+(C2H5OH)1,2,3 cluster ions
with CH3NH2 presumably lead to the same products as do reac-
tions (1a) and (1b), because no other product ions are evident
in the mass spectra. Thus, the ions at m/z 78 and 124 can be
used to detect methylamine in the headspace of the ethanol/water
vapour/methylamine mixtures.

At low concentrations of ethanol (below 2% by volume in water)
the H3O+ precursor is the dominant ion on the mass spectra
and thus proton transfer to CH3NH2 occurs leading to forma-
tion of CH3NH2H+ at m/z 32. Thus, in Fig. 2a (0.1% ethanol in
water) the ratio of signal intensities at m/z 32 to m/z 19 is ele-
vated above the photoionisation background of 1% to about 3%. At
increasing ethanol concentrations, the absolute intensity at m/z 32
reducing and becomes insignificant above some 2% ethanol concen-
tration. The residual signal seen at m/z 32 at ethanol concentrations
above 2% is mostly due to photoionisation of O2 in the flow tube by
ultraviolet radiation penetrating from the microwave discharge ion
source and is not related to the presence of CH3NH2
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Fig. 2. Full scan (FS) SIFT-MS spectra showing ion count rate per second, c/s, on a semi logarithmic scale as a function of mass-to-charge ratio, m/z, obtained when the
headspace above mixtures of ethanol in water is introduced into the SIFT-MS helium carrier gas. Three different concentrations of ethanol in water have been used (a) 0.1%,
(b) 1% and (c) 97%. All mixtures contained methylamine at a concentration of 10 mg/L. See the text for interpretation of these spectra.
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Fig. 3. Count rates, c/s, of the precursor and product ions as a function of the con-
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Table 1
SIFT-MS kinetics library entry
for calculation of methylamine
concentration using the proton
bound ethanol clusters as the
precursor ions.

Methylamine EtOH(H3O+)

5 Precursors
93 1.7e–9 1.0
111 1.6e–9 1.0
139 1.6e–9 1.0
185 1.6e–9 1.0
19 2.3e–9 1.0

2 Products

F
s

entration of ethanol in ethanol/water mixture expressed as % by volume of ethanol.
hese experimental data were obtained at a solution temperature 20 ◦C and a fixed
eadspace sample flow rate of 0.3 Torr L/s (24 sccm). Note the dominance of m/z 139
t the high ethanol concentrations.

.3. Quantification of methylamine in ethanol solution

SIFT-MS quantification using the C2H5OH2
+(C2H5OH)1,2,3 pre-

ursor ions can be carried out in an analogous way to the use
f the conventional H3O+(H2O)1,2,3 precursor ions that exploits
he general method for calculating absolute trace gas concentra-
ions from the precursor and product ion signal levels [16]. With
eference to the SIFT-MS master quantification equation (equa-
ion (15) in [16]) all that is required is to enter the signal levels
f the C2H5OH2

+(C2H5OH)1,2,3 ions (m/z 93, 111, 139 and 185),
hich have been corrected for differential diffusion and mass dis-

rimination, as the precursor ion signals, and the signal levels
f the CH3NH2H+(C2H5OH)1,2 ions (m/z 78 and 124), which have
lso been corrected for differential diffusion and mass discrimina-
ion, as the product ion signals. The collisional rate coefficient for
he exothermic switching reactions (1a) and (1b) is calculated to
e 1.6 × 10−9 cm3/s by the Su and Chesnawich parameterisation
17], using the known polarisability (4 × 10−24 cm3) and perma-
ent dipole moment (1.31 D) of the CH3NH2 molecule. The resulting

inetic library entry in the format of the SIFT-MS software (Trans
pectra Limited, version 3.1.238 or later versions) is given in Table 1.
ote that m/z 19 must be formally included amongst the precursors

ons in order to instruct the software to use this entry when the
3O+ ions are selected by the injection mass filter.

ig. 4. The full scheme of the ion chemistry reaction system of H3O+ with ethanol and w
cheme, see the text.
78 1.0
124 1.0

In order to test the above formulated SIFT-MS kinetic library
entry, validation experiments were carried out in which pure
ethanol was spiked with known amounts of methylamine at lev-
els below the limits set by health and safety legislation. Thus, 10,
20, 30 and 40 �L of a solution of methylamine in water at a concen-
tration of 3 g/L was added to 30 mL of 97% distilled ethanol/water
mixture creating solutions containing 0, 0.1, 0.2, 0.3 and 0.4 mg/L
of methylamine. The headspace of these solutions was introduced
into the SIFT-MS instrument at a known flow rate via the heated
PEEK capillary (see Fig. 1) and the concentration of methylamine
was determined as described above. Headspace concentrations of
methylamine were obtained at two solution temperatures of 20
and 50 ◦C and the data are given in the plots in Fig. 5. The linearity
of these plots demonstrates that gas phase/liquid phase equilib-
rium is established and the slopes of the regression lines relate the
vapour phase concentration of methylamine to its solution concen-
tration. The linearity of the calibration plots is good with R2 > 0.97
and the limit of detection of methylamine in the ethanol/water solu-
tion is better than 0.1 mg/L. Note that repeated analyses of the pure
quality control sample did not reveal any methylamine above the
limit of detection; these results are represented as zero values on
both plots in Fig. 5. The slopes of these plots provide the Henry’s
law coefficients for the volatility of methylamine from ethanol
as 0.076 atm/M at 20 ◦C and 0.31 atm/M at 50 ◦C, which serve as

the calibration required to determine the concentration of methy-
lamine in ethanol solution. The increasing volatility of methylamine
with temperature is related to its enthalpy of evaporation and like
the Henry’s law coefficients themselves represent instrument inde-
pendent parameters.

ater vapour. For the meaning of the double arrows and further explanation of this
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ig. 5. The variation of the headspace concentration of methylamine, as measured
repared as described in the text. The kinetic library entry given in Table 1 is used f

oncluding remarks

SIFT-MS has been used for the first time to quantify absolute lev-
ls of a trace compound in gas/vapour samples in the presence of
xcessive amount of ethanol vapour. This paper presents the results
f a case study of the quantification of methylamine in distilled
thanol of agricultural origin. The results of calibration experiments
emonstrate that it is possible to quantify methylamine in ethanol
t concentrations of 0.1 mg/L or greater. Such analyses are much
uicker than liquid phase analyses and as such can be of great value
o the distillation industry and for the real time monitoring of fer-

entation and distillation systems. The concepts and methodology
sed for this analysis can be now used with confidence to analyse
ther polar or basic compounds present in ethanol or alcoholic bev-
rages with ethanol concentrations between 2% and 97%, as long as
witching reactions like reaction 1(a) and 1 (b)(1) are exothermic.
his will have to be experimentally confirmed for specific cases;
owever, experience with this type of ion chemistry [8,13] indi-
ates that polar molecules with proton affinities larger than that of
thanol will be accessible to analysis by SIFT-MS after appropriate
hemical ionisation schemes have been established.
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