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bstract

PTR-MS is becoming a common method for the analysis of volatile organic compounds (VOCs) in human breath. Breath gas contains substantial
nd, particularly for bag samples, highly variable concentrations of water vapour (up to ∼6.3%) and carbon dioxide (up to ∼6.5%). The goal of
his study was to investigate the effects of carbon dioxide on PTR-MS measurements; such effects can be expected in view of the already well
nown effects of water vapour. Carbon dioxide caused an increase of the pressure in the PTR-MS drift tube (∼1% increase for 5% CO2), and this
ffect was used to assess the CO2 concentration of breath gas samples along the way with the analysis of VOCs. Carbon dioxide enhanced the
oncentration ratio of protonated water clusters (H3O+H2O) to protonated water (H3O+) in the drift tube. Using the observed increase, being ∼60%
or 5% CO2, it is estimated that the mobility of water cluster ions in pure CO2 is almost 65% lower than in air. Carbon dioxide had a significant
ffect on the mass spectra of the main breath gas components methanol, ethanol, 1-propanol, 2-propanol, acetone, and isoprene. Carbon dioxide
aused a small increase (<10% for 5% CO2) of the normalised main signals for the non-fragmenting molecules methanol and acetone. The increase
an be much higher for the fragmenting VOCs (ethanol, propanol, and isoprene) and was, for 5% CO2, up to ∼60% for ethanol. This effect of CO2
n fragment patterns is mainly a consequence of the increased abundance of protonated water clusters, which undergo softer reactions with VOCs
han the hydronium ions. Breath gas samples stored in Teflon bags lost ∼80% of CO2 during 3 days, the decrease of VOC signals, however, is

ainly attributed to decreasing VOC concentrations and to the loss of humidity from the bags.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton transfer reaction-mass spectrometry (PTR-MS) is
ecoming a well established method to measure a number of
olatile organic compounds (VOCs) in human breath gas [1–8].
arly studies demonstrated that the signals of several VOCs in
TR-MS mass spectra may feature variations by more than one
rder of magnitude; such variations can be interpreted reliably
n terms of endogenous VOC concentrations, and the enhanced
evels of acetonitrile for smokers are a common example [1–6].
oreover, the PTR-MS features a fast response time, a good sen-
itivity, and samples can be analysed conveniently and quickly
ince no sample treatment is necessary. Hence, PTR-MS con-
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titutes a promising technique for medical applications and
articularly for the early diagnosis of common diseases, e.g.,
f lung cancer, with a non-invasive breath gas test [7,8]. Such a
reath gas test, however, may demand the quantification of rel-
tively small systematic differences in the VOC concentrations,
nd this poses a number of serious challenges. One problem is
hat the effect of the inhaled room air on the exhaled breath gas

ust be considered [9]. A second issue is the difficulty of collect-
ng well defined breath gas samples [10], and such well defined
reath gas samples are required not only for reproducible con-
entrations of VOCs, but also for reproducible concentrations
f the bulk components.

For a normal resting person, the bulk composition of alveo-

ar air features a mean volume mixing ratio of 74.9% nitrogen,
3.7% oxygen, 6.2% water vapour, and 5.3% carbon dioxide
11]. This bulk composition of alveolar air, however, depends
n the sampling protocol, and for CO2 it has been demonstrated
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Fig. 1. Schematic diagram of the PTR-MS instrument. SO, sampling orifice;
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hat the end-tidal concentration can be as low as 3.2% for high
idal volumes [12] and as high as 6.5% after breath holding [13].
ample of mixed expired breath may feature even larger vari-
tions due to the contained portion air from the anatomic dead
pace because the CO2 concentrations in the air from the dead
pace are much lower than the CO2 concentrations in alveo-
ar air. Moreover, breath gas is frequently sampled and stored
n bags, and it will be shown below that such bags may loose
ot only the water vapour [14] but also almost completely the
O2. Hence, breath gas samples contain not only a highly vari-
ble concentration of water vapour, but also a highly variable
oncentration of CO2.

This variable bulk composition of the sample air is a major
ssue for PTR-MS analyses because, in contrast to the selected
on flow tube-mass spectrometry (SIFT-MS) technique where
he buffer gas contains more than 95% of helium [15], the buffer
as in the drift tube of a PTR-MS is composed of the sample
ir. For water vapour, it is already well known that it has signif-
cant effects on the measured signals [16–18]. These effects are
aused by the formation of protonated water dimers in the drift
ube, which feature a lower mobility than protonated water and
hich react with the VOCs both via proton transfer and ligand

witching reactions.
The aim of this study was to investigate whether the second

dditional component in breath gas, carbon dioxide, has simi-
ar effects on the measured signals. Unlike water vapour, CO2
s not involved in the reactions in the drift tube. The mobil-
ty of small inorganic ions in CO2, however, is much lower
han their mobility in air, nitrogen, or oxygen; to give an exam-
le, the mobility of NO+ in CO2 at an E/N of 100 Td (1 Td = 1
ownsend = 10−17 V cm2) is less than half of the mobility in air
19]. If similar differences occur for primary ions or VOCs, even
O2 concentrations of a few percent could significantly change

he reaction time in the drift tube. Due to the lower collisional
nergy, also changes of reaction rate constants, the formation
f clusters, and fragmentation patterns may occur, with so far
nknown effects on the measured signals.

These effects of CO2 on PTR-MS signals must be considered
or a proper calibration of the instrument for breath gas analy-
is, and they are essential for the desired comparison of room
ir and breath gas concentrations. Moreover, the early diagnosis
f diseases could potentially require the evaluation of small sys-
ematic changes of breath gas VOC patterns; therefore, it must
e guaranteed that apparent differences in PTR-MS mass spec-
ra are not caused just by a different bulk composition of the
amples. The effects of CO2 should also be considered for a
roper interpretation of exhalation profiles, and finally also for
eadspace analyses of cells, in which a gas mixture with 5%
O2 is commonly used [20].

. Experimental

All measurements were conducted with a commercial stan-

ard PTR-MS (Ionicon Analytic GmbH) as described by
indinger et al. [21] and Hansel et al. [22]. The instrument,
chematically shown in Fig. 1, consists of (i) the ion source to
roduce hydronium primary ions, (ii) the drift tube where the

t
5
w
g

C, intermediate chamber; NC, nosecone; QMS, quadrupole mass spectrometer;
EM, secondary electron multiplier.

roton transfer reaction occurs, and (iii) a detection system with
quadrupole mass spectrometer (QMS) and a secondary ion
ultiplier (SEM).
The pressure in the drift tube Pd, typically ∼2 mbar, was mea-

ured with a membrane-based pressure gauge (Pfeiffer CMR
63) with an accuracy of 1 �bar. A portion of the pressure in the
rift tube, Pd,s, is caused by the ion source, and for our settings
d,s equals ∼580 �bar. The portion of the pressure in the drift

ube which is attributed to the sample is referred to as reduced
ressure Pd,red with Pd,red = Pd − Pd,s. The flow rate of sample
ir into the drift tube and hence the pressure in the drift tube is
egulated with a pressure controller [16]; the pressure upstream
f the controller is denoted as bypass pressure Pby. The pressure
n the drift tube showed sometimes small periodic variations
ith a periodic time of several minutes; these variations origi-
ate probably from the regulation of the pressure controller. To
liminate these variations, Pd was always alternately measured
or the analyte gas sample and for a sample of synthetic air within
ess than ∼15 s, and the difference between the two values of Pd
s referred to as �Pd.

An electric field E is applied parallel to the drift tube axis in
rder to reduce the formation of cluster ions. Commonly an E/N
f 120–140 Td is chosen for the measurements, with N being the
umber density in the drift tube. For all VOCs, mass spectra from
0 to 200 amu were measured with a dwell time of 0.5 s. The raw
ount rates refer to the mean values from typically seven scans,
nd the measured counts per seconds on mass X are denoted as
ps(X). The signal of the primary ions, cps(19), was calculated
rom the signal of the isotopoloque, cps(21). To account for the
on-linear response of the SEM, an experimentally determined
orrection factor was used for high signals from water clusters,
ps(37). This correction, being 15% at maximum, affects the
esults only slightly.

The samples were prepared from synthetic air, i.e., 20% O2
nd 80% N2 (“SA-0%”), and from two custom-made gas mix-
ures, the first mixture consisting of nominally 5% CO2, 15% O2
nd 80% N2 (SA-5%) and the second mixture of 10% CO2, 10%
2 and 80% N2 (SA-10%). The pressurised gas cylinders with

hese mixtures were prepared by Linde AG from pure gases in

.0 purity (99.999%). Additionally, pure N2, O2, CO2 and Argon
ere used in purity 4.5 (99.995%) or higher. The pressurised
ases were filled in Teflon sample bags; the bags consist of
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Table 1
Change of pressure in the drift tube with respect to synthetic air, measured for
a bypass pressure of 340 and 380 mbar and denoted as �Pd,340 and �Pd,380

Sample �Pd,340

(�bar)
�Pd,380

(�bar)
�Pd,380/�Pd,340 ci (10−2)

N2 (pure) +17 +22 1.29 ± 0.14 +1.18 ± 0.1a

O2 (pure) −61 −71 1.16 ± 0.04 −4.73 ± 0.1a

Ar (pure) −37 −45 1.21 ± 0.06 −2.89 ± 0.1
CO2 (pure) +478 +580 1.21 ± 0.01 +36.74 ± 0.1
H2O (6.3%) −1b −1.5b 1.5 ± 1 −1.48 ± 1

The coefficients in the last column can be used to calculate �Pd for arbitrary
compositions of the sample gas using Eq. (1).
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olytetrafluoroethylene (PTFE) Teflon membrane (Welch Fluo-
ocarbon) with a PTFE valve of our own design (“PTFE bag”).
reath gas samples were collected in the PTFE bags or in ready-
ade commercial sample bags (SKS Inc.) with a fluorinated

thylene–propylene (FEP) Teflon membrane (“FEP bag”).
Mixtures and dilutions were prepared by two methods: the

rst method (“syringe method”) employed a 100 ml syringe
ade of borosilicate glass. The syringe was connected with three

ags by valves; bags 1 and 2 contained the gases to be mixed and
ag 3 the mixture. The desired volume of gas was extracted from
ags 1 and 2 with the corresponding number of strokes of the
yringe and pumped into bag 3. The second method (“flow meter
ethod”) employed a digital flow meter (Analyt-MTC GmbH).
he flow meter was first used to measure the total flow into the
TR-MS, Ftot. When bags are used, the inlet is at atmospheric
ressure and Ftot is constant. Then two bags, 1 and 2, were con-
ected with a branch connection to the PTR-MS and the flow
rom bag 1, F1, was measured with the flow meter. The mixing
atio of the two gases was adjusted with a switching valve at
he branch connection, and it was calculated from Ftot, and F1.
umidification of the bag samples was accomplished by spik-

ng the bags with ultrapure deionised (“DI”) water followed by
vaporation in an oven for 15 min at 60 ◦C.

The samples of the main breath gas components, methanol,
thanol, 1-propanol, 2-propanol, acetone and isoprene, were
ased on liquid solutions, all liquids had a purity >99%. In a
rst step, concentrated samples were prepared by placing tiny
roplets in a bag that was thereafter filled with SA-0%. To adjust
suitable concentration, the bag was connected to the PTR-MS
nd the decrease of the primary signal was observed. The sample
as diluted with SA-0% until a decrease of the primary signal
y ∼30% was achieved. In a second step, 100 ml of these con-
entrated samples were mixed, using the syringe method, with
400 ml of SA-0%, SA-5% and SA-10% and the resultant 6.7%
elative decrease of CO2 concentrations was considered for the
ata evaluation.

. Results and discussion

It was found that the CO2 concentration of breath gas samples
an be conveniently assessed from the pressure in the drift tube.
t is pointed out that CO2 causes an increase of water cluster
oncentration in the drift tube and that this increased water clus-
er concentration has a significant effect on the fragmentation
attern of breath gas VOCs. This finding constitutes our main
esult. Finally, it is demonstrated that bag samples can lose CO2
lmost completely.

.1. Pressure in the drift tube

An obvious effect during breath gas analyses is the increase
f the drift tube pressure Pd when breath gas enters the PTR-
S, and we suspected that the increase of Pd is caused by the

odified composition of the buffer gas. To verify this suspicion,
Pd was measured for the main components of breath gas as

isted in Table 1. In order to achieve large changes, pure gases
ere used for N2, O2, Ar, and CO2. Synthetic air saturated with

v
1
s
d

a Values adjusted for consistency with �Pd = 0 �bar for SA-0%.
b Mean values from 3 experiments.

ater vapour at 37 ◦C, i.e., 6.3% of water vapour in synthetic air,
as used for water vapour. This water vapour concentration cor-

esponds to the concentration in alveolar breath and it is almost
he highest concentration that can be measured because higher
oncentrations cause condensation in the inlet system and in the
rift tube of the PTR-MS. The measurements were performed
or a bypass pressure of 340 and 380 mbar and the values are
enoted as �Pd,340 and �Pd,380, respectively. For synthetic air,
hese Pby correspond to a Pd of ∼1885 and ∼2176 �bar, and to
Pd,red of 1305 and ∼1596 �bar, respectively.

The results, listed in Table 1, indicate that each gas has an
ffect on Pd, but that CO2 causes by far the strongest increase.
oreover, the ratio �Pd,380/�Pd,340 is constant and equal to

he ratio of Pd,red at a bypass pressure of 380 and 340 mbar,
.22. Hence, it was assumed that �Pd is proportional to Pd,red.
n addition, measurements of synthetic air and CO2 in variable
ixing ratios showed a nearly linear relation between fractional

as concentration and �Pd. These results suggest that the change
f pressure in the drift tube can be approximated by the formula

Pd = Pd,red

∑
i

cifi (1)

here fi is the fractional concentration of the gas i and ci the
imensionless gas specific coefficient listed in Table 1.

More detailed investigations on the causes of this effect are
eyond the scope of this work. We assume, however, that Pd
s mainly controlled by the molar mass or the dynamic vis-
osity of the gas, with Pd increasing for high molar mass and
ow dynamic viscosity. This idea is prompted by additional tests
here Xenon, featuring particularly low dynamic viscosity and
igh molar mass, caused an excessive increase of Pd. In addi-
ion, we suspect that the reported values are also affected by the
ype of turbomolecular pump (shown as pump 1 in Fig. 1) and
y geometric details of the gas inlet and outlet.

Eq. (1) can be used to calculate �Pd for the custom-made gas
ixture and there was a perfect agreement between measured

nd calculated values for SA-10%. For SA-5%, the measured
alues of �P are consistent with a composition of 80% N ,
d 2
6% O2, and 4% CO2; these values are within the accuracy
pecified by the manufacturer and they were adopted for the
ata evaluation.
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For breath gas samples, an increase of the CO2 concentra-
ions in breath gas is accompanied by an equal decrease of the
xygen concentrations. Moreover, it is assumed that nitrogen,
rgon, oxygen, and CO2 are diluted by water vapour at saturation
apour pressure. With these assumptions, Eq. (1) can be used to
alculate the carbon dioxide concentrations of the sample in %,
(CO2), from

pd = −a + b · c(CO2) (2)

ith a = −2 and −3 �bar and b = 5.4 and 6.6 �bar for a bypass
ressure of 340 and 380 mbar, respectively. These CO2 concen-
rations, assessed along the way with PTR-MS measurements,
onstitute valuable information. For fresh breath gas samples
nd normal breathing, the CO2 concentration reflects the por-
ion of alveolar air. Hence, CO2 concentration can be used to
ormalise VOC-concentrations with respect to the portion of
lveolar air [23], or to identify samples, which, due to occa-
ional incorrect sampling, contain a low portion of alveolar air
nd which must be excluded from further analysis. Moreover, the
sual decrease of breath gas CO2 concentrations during heavy
xercise can be assessed [3,12]. Finally, the CO2 concentrations
an also be used to estimate the ageing effect of bag samples,
hich may lose CO2 completely (see Section 3.4).

.2. Water cluster ions

Water cluster ions in the drift tube of the PTR-MS occur
ainly as H2O·H3O+ and are detected as cps(37). They originate

artly from water vapour of the ion source [16], but the concen-
rations increase strongly with increasing humidity of the sample
ir [24]. To investigate the effect of CO2 on the concentration of
ater cluster ions, dry and wetted mixtures of SA-0% and CO2
ere measured. The mixing was carried out with the flow meter

ethod and the signals of cps(19) and cps(37) were monitored.
he results, shown in Fig. 2, indicate the expected increase of
ater cluster concentration at higher humidity. The data points

or CO2 = 0% show similarity to the measurements of Ammann

ig. 2. Effect of CO2 on water cluster concentrations. (a) Measured at 137 Td
nd (b) at 119 Td.
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t al. [24], who found a quadratic relation of humidity and water
luster concentrations. In addition, however, there is a steep and
early exponential increase of the water cluster concentrations
ith increasing CO2 concentration. For a humidity of 4.7% an

ncrease of the CO2 concentration by 5% leads to an increase
he water cluster concentration by 54% for Pby = 340 mbar and
y 67% for Pby = 380 mbar. Hence, the signals of water cluster
ons are by no means controlled only by the humidity of the
ample [14,25], but they are substantially affected also by the
O2 concentration.

Following de Gouw et al. [16], the ratio of
H2O·H3O+]/[H3O+] in the drift tube is controlled by the
inetic energy in the center of mass system for the collision of
ater cluster ions and buffer gas molecules, KEcm, and the ratio
ecreases with increasing KEcm. As the buffer gas and reacting
eutral molecules are identical, KEcm is simply [16]

Ecm = 1
2mbv

2
d + 3

2kBT (3)

ith vd being the drift velocity, kB the Boltzman constant, T the
emperature in K and mb the mass of the buffer gas. The observed
ncrease of water cluster concentration implies a decrease of
Ecm with increasing CO2 concentrations. Since the molecular
ass of CO2 is much higher than that of air, the drift velocity of
ater cluster ions in CO2 must be, according to Eq. (3), much

ower than in air. The increase of the water cluster ions concen-
ration shown in Fig. 2 can be used to estimate the drift velocity
nd mobility of water clusters in CO2 as follows:

The observed ratio cps(37)/cps(19) can be decreased by
ollision-induced dissociation of water cluster ions in the inter-
ediate chamber [16,18] between drift tube and nosecone of

he QMS (see Fig. 1) or, as suggested by Steinbacher et al. [26],
e enhanced by the jet that is formed at the outlet orifice of
he drift tube. Nevertheless, with potentials optimised in order
o minimise the collision-induced dissociation, de Gouw et al.
16] found a reasonable agreement between observed and cal-

ulated ratio cps(37)/cps(19) for E/N > 95 Td, corresponding to
Ecm > 0.11 eV. Similar to de Gouw et al. [16], cps(37)/cps(19)
as measured for dry synthetic air as a function of KEcm by
arying the pressure in the drift tube. The results in Fig. 3 indi-

ig. 3. Water cluster concentrations as a function of kinetic energy, KEcm.
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Fig. 4. Effect of CO2 on the signals from primary ions, on the normalisation factor N, and on normalised signals ncps of breath gas VOCs. The upper panels refer to measurements at E/N = 137 Td, the lower panels
to 119 Td. Open symbols: dry samples; solid symbols: samples with a humidity of 6.3%. All values are scaled with respect to the main signals at a CO2 concentration of 0%.
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ate that the ratio measured by us is lower, presumably because
he potentials of the intermediate chamber were not optimised.
he decrease of the log(cps(37)/cps(19)) with increasing KEcm

n the relevant range of 0.16–0.20 eV, however, is still similar to
revious measurements and we assume that these variations of
ps(37)/cps(19) are still mainly controlled by KEcm.

Using Eq. (3), KEcm was numerically calculated as a function
f the fractional CO2 concentration, with the mobility of water
luster ions in CO2 as the only unknown parameter. For that the
efinition of the ion mobility μ

d = μE (4)

ith

= μ0
T

273 K

1013 mbar

pdrift
, (5)

as used; pdrift is the drift tube pressure in mbar, T the drift tube
emperature in K, and μ0 is the reduced mobility for the mixture
f air and CO2. Moreover, Blancs law

1

μ0
= f1

μ0,1
+ f2

μ0,2
(6)

as used to calculate the reduced mobility of gas mixtures,
here μ0,1 and μ0,2 are the reduced mobilities of water cluster

ons in air and CO2, and f1 and f2 the corresponding fractional
as concentrations. The reduced mobility of water cluster ions
n air, 2.8 cm2 V−1 s−1, was adopted from Warneke et al. [17].
he calculation also included the increase of pdrift and mb with
n increasing fractional CO2 concentration f2. The decrease of
Ecm with increasing f2 can be expressed as

∂KEcm(μ0,2)

∂f2
= ∂ log(cps(37)/cps(19))

∂f2

×
(

∂ log(cps(37)/cps(19))

∂KEcm

)−1

, (7)

ith the first and second term on the right side being displayed
n Figs. 2 and 3. Note that the decrease of cps(37)/cps(19) by the
ollisions in the intermediate chamber cancels out. Using Eq. (7)
he reduced mobility of water cluster ions in CO2, μ0,2, turns
ut to be ∼1.0 cm2 V−1 s−1, which is almost 65% lower than the
obility in air. The mobility in breath gas, i.e., a mixture of air
ith 5% CO2, calculated from Blanc’s law, is 8% lower than in

ir without CO2. These values, however, should be considered
ust as a best guess mainly because of, the large error of the
econd term in Eq. (7), as obvious from Fig. 3.

.3. VOC signals

Normalised count rates are used for the discussion of the
OC signals on mass X. These normalised count rates, ncps(X),
re defined by

6 −1 6 −1
cps(X) = cps(X)
10 s

N
= cps(X)

10 s

cps(19) + cps(37)
. (8)

denotes a normalisation factor which reflects the sum of pri-
ary ions and water cluster ions. This normalisation takes into

i
n

(

ss Spectrometry 270 (2008) 156–165 161

ccount that methanol, ethanol, acetone, isoprene react with
ater cluster ions at a similar reaction rate constant as with the
rimary ions [15], and this was assumed also for propanol. These
eactions with water clusters occur by ligand switching since all
tudied VOCs are polar; for acetone and isoprene, featuring a
roton affinity (PA) higher than 8.40 eV, also by direct proton
ransfer reaction [27]. For the normalisation, recent environmen-
al studies [28] additionally used a molecule-specific weighting
actor for cps(37). This weighting factor contains reaction rate
onstants and transmission efficiency of the mass analyser, and
t was experimentally determined. The weighting factor, how-
ver, could be determined neither for ethanol nor for propanol
ecause probably not all fragments were detected. Hence, this
eighting factor was omitted for the sake of consistency. Using

he weighting factor, being less than unity, would not substan-
ially change our results; it has a negligible effect for dry samples
nyhow and would cause a somewhat stronger increase of the
ormalised signals with increasing CO2 concentrations for the
et samples.
As shown in Fig. 4a and b, with the example of the mea-

urements of methanol, there is an increase of the primary ions
or the dry samples with increasing CO2 concentrations. The
ncrease of the primary ion signal is weaker for the humid sam-
les, and at 119 Td there is even a decrease because most of the
rimary ions are consumed for the formation of water cluster
ons. The normalisation factor N, however, shows an increase at
igher CO2 concentration both for 137 and 119 Td because of
he increasing portion of the water cluster ions (Fig. 3). Con-
equently, the increase of VOC signals with increasing CO2
oncentration is much stronger if the normalisation is omitted
r done with respect to the primary signal. Previous breath gas
tudies have not always clearly stated the way of normalisation
1–5,8], hence these results could be much more affected by
O2 than the normalised signals of this study.

Monitoring the drift tube pressure indicated that the loss of
O2 from the bags, described in Section 3.4, was less than 10%.
owever, to keep these losses low, only a few measurements
ere performed with a single filling. Therefore, CO2 effects
ere measured first for a dry sample, then for a wet sample, and
nally, with a third filling of the bag, the difference between wet
nd dry samples was measured for SA-0%. As equal concentra-
ions for dry and humid samples cannot be expected, the ncps
ere scaled separately for dry and humid samples so that the
ain signals are equal to unity at 0% CO2. Main signals refer

o the masses which are commonly used to quantify the sub-
tances, 33 for methanol, 47 for ethanol, 43 for 1-propanol and
-propanol, 59 for acetone and 69 for isoprene. These scaled
ata are presented in Fig. 4c–n; the humidity effect, i.e., the
atios of the main signals from wet and dry samples, is shown
n Fig. 4o and p. The CO2 effects are shown only for fragments
r clusters with signals higher than 10% of the main signals,
xcept for propanol where the signal of unfragmented molecules
s shown for the sake of completeness. The combined error, orig-

nating from the dilution, the measurement of the signal, and the
ormalisation and scaling is estimated to be 10–15%.

The results for the tested VOCs were as follows: Methanol
Fig. 4c and d): The signal of the protonated methanol on mass 33
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ncreased with increasing CO2 concentrations for E/N = 137 Td.
he increase is weaker for E/N = 119 Td, particularly for the
umid samples. A small portion of methanol was detected as
luster ions on mass 51. 1-Propanol (Fig. 4e and f) and 2-
ropanol (Fig. 4g and h): The two isomers of propanol behaved
uite similarly. The signal of protonated propanol, mass 61, was
lways less than 5% of the signal of the fragment detected on
ass 43, C3H7

+ [29]. At 137 Td, both mass 43 and 61 showed
clear increase with increasing CO2 concentrations, and the

ncrease was more pronounced for dry samples. At 119 Td, wet
amples displayed a maximum for mass 43. The height of this
aximum, however, is somewhat uncertain because the signals

f mass 43 for wet samples sometimes featured instabilities
hich do not occur for any other signal. High signals were

lso detected for mass 41, probably from C3H7
+. The signal

n mass 41 decreased with increasing CO2 concentrations for
/N = 119, for E/N = 137, however, the signal decreased for the
umid samples whereas it increases for the dry samples. Ethanol
Fig. 4i and j): The signal of the protonated molecule, mass 47,
as approximately two times higher at 10% CO2 than at 0%
O2 and featured the strongest increase with increasing CO2
oncentration among the tested substances. The signal of the
ragment on mass 29, C2H5

+ [30], was lower for the wet sam-
les and increased as well with increasing CO2 concentrations.
cetone (Fig. 4k and l): There was no significant effect on the
ignal of protonated acetone, mass 59. Isoprene (Fig. 4m and
): There was a clear increase for the signal of protonated iso-
rene, mass 69 at E/N = 137 Td and a less pronounced increase
t E/N = 119 Td. The signal of a fragment on mass 41, C3H5

+

30], was higher for lower E/N and for dry samples. It decreased
ith increasing CO2 concentrations, the decrease was however
ot significant for dry samples at E/N = 137 Td. These observed
rends are caused by the combined effects of CO2 on (i) drift
ube pressure, (ii) ion mobility, (iii) reaction rate constants, (iv)
ater cluster concentrations, and (v) fragmentation pattern; and

he effects will be addressed in this order:

(i) The increase of Pd, is ∼1% for 5% CO2. Additional exper-
iments showed that an increase of Pd by 1% at constant
electric field corresponds to an increase of the ncps by
2–3%, similar to previous findings [16]. This is only a small
contribution to the observed changes shown in Fig. 4.

ii) The density of reaction products at the end of the drift tube
[RH+] is [31]

[RH+] = k · L · [R] · [H3O+]

μRH
(9)

with k the reaction rate constant, L the length of the drift tube,
[R] the concentration of VOCs, [H3O+] the concentration of
the primary ions and μRH the mobility of the reaction prod-
ucts. Let us assume that the CO2 causes an equal decrease
of the mobility by a factor a, equally for [H3O+] and [RH+].

If the flux of hydronium ions from the ion source is con-
stant, this causes an increase of [H3O+] by the factor a, and
together with the decrease of μRH, an increase of [RH+] by
a factor a2. There are still doubts [31] whether the detected
ss Spectrometry 270 (2008) 156–165

count rates are proportional to the concentration or to the
flux. The decrease of the mobilities, however, would in any
case result in an increase of the normalised count rates by a
factor a. Hence, if 5% of CO2 reduce, as for the water cluster
ions, ion mobilities by 8%, an increase of the ncps by ∼8%
can be expected. This value resembles the mean observed
increase for the VOCs without significant fragmentation,
methanol and acetone. Hence, it is supposed that such small
increases are mainly caused by the reduced mobility.

ii) Since all investigated molecules are polar, reaction rate
constants vary because of the CO2 induced change of
KEcm [32]. Published data for proton transfer reactions with
methanol, ethanol, acetone [33], 1-propanol, 2-propanol
[29] and isoprene [30] indicate that 5% of CO2 would cause
a decrease of the reaction rate constant by a few percent for
these molecules, except for isoprene where the decrease is
negligible. This constitutes only a minor contribution to the
observed differences.

iv) CO2 concentration causes an increase of water clusters
concentrations. Hence, a larger portion of the reaction prod-
ucts originates from the reactions with water clusters, but
the effect on ncps should be low. Moreover, water cluster
ions feature a lower mobility than hydronium ions, and the
two species are in equilibrium between the formation and
collision-induced dissociation [17]. Hence, a higher por-
tion of water clusters implies a lower effective mobility of
the reacting ions. Assuming a constant flux from the ion
source, this causes a higher density of the reacting species
at the end of the drift tube and, according to Eq. (9), also a
higher density of reaction products. The effect on the ncps,
however, cannot be predicted since it depends on the ques-
tion whether the measured count rates are proportional to
the density or to the flux of the ions [31]. The increasing
portion of water clusters also boosts the formation of clus-
ter ions with VOCs. The effect is significant for methanol
where for wet samples at 119 Td a portion of methanol is
consumed for the formation of the cluster ion on mass 51.

v) A significant amount of fragments was detected for ethanol,
propanol, and isoprene. Fig. 4 shows that the effects of
CO2 are stronger for ethanol and propanol than for iso-
prene. Moreover, for ethanol and dry samples of propanol
at 137 Td, there is a strong increase of the main signals but
no corresponding decrease of signals from fragments. From
that it is concluded that not all fragments were detected for
ethanol and propanol, and that the increase of their detected
main signals occurs on the expense of undetected frag-
ments. For ethanol, previous studies detected a fragment on
mass 19, H3O+; the portion decreases strongly with increas-
ing KEcm [30] and presumably also with increasing ratio
cps(37)/cps(19). This fragment is not detectable with our
setup, but it was probably abundant, because the amount of
ethanol evaporated in a bag, needed for a given decrease
of the primary signal, was much larger than for all other

substances. We speculate that the undetected fragments of
propanol are also on mass 19, and that a low amount of such
fragments may occur even for methanol. The strong effect
of CO2 on the fragmentation of ethanol and propanol is also
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ig. 5. Ratio of signals from VOC fragments as a function of the ratio
ps(37)/cps(19).

echoed by the large humidity effects for the main signals,
shown in Fig. 4o and p.

Fig. 5 shows the ratios of major fragments to main signal
s a function of cps(37)/cps(19) for the fragmenting VOCs.
or ethanol, Fig. 5a, the ratio is essentially completely deter-
ined by cps(37)/cps(19), and also for isoprene and propanol

he main portion of the variation can be explained by the level
f water cluster ions. Fig. 5 shows that there is as well a
econd and smaller effect of the fragmentation, namely the
nfluence of KEcm [29]. This effect is visible particularly for
et samples with 0% CO2 at 137 Td, featuring a similar ratio

ps(37)/cps(19) as dry samples with 10% CO2 at 119 Td, but
isplaying a clearly higher ratio of signals. From that, it would
e expected that there is basically also an effect of CO2 on the
ragmentation by its effect on KEcm; this, however, seems to
e a minor contribution as the decrease of the ratios in Fig. 5
ith increasing CO2 concentrations is hardly different from the
verall decrease with increasing ratio cps(37)/cps(19). Hence,
he effects of both CO2 and of the humidity on the fragmentation
attern occur by their effect on the water cluster concentration,
ndicated by the ratio cps(37)/cps(19), and the different humid-
ty and different CO2 level of samples can be corrected to a
arge extent by normalising the measured ncps to a constant ratio

ps(37)/cps(19).

Such an effect of water cluster ion concentration on the frag-
entation was pointed out by Tani et al. [27] and was explained

s follows: the reactions of VOCs of high PA with H3O+ via

s
F
c
v
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roton transfer reaction are exothermic, and the protonated
olecule is internally excited and presumably susceptible to

pontaneous or collision-induced dissociation. The reaction with
3O+ H2O, either via proton transfer or via ligand switching,

s however less exothermic, and the internal excitation is not
ufficient for fragmentation.

The effect of water cluster concentrations on fragmentation
attern may partly explain that this and previous studies reported
emarkably different fragmentation patterns for similar values
f E/N. For ethanol, the ratio ncps(29)/ncps(47) of this study
esembles the measurements of Blake et al. [34] and of Lagg et
l. [33], but it is much lower than the ratio observed by Warneke
t al. [35]. For propanol, this study showed a low portion of
nfragmentated molecules in agreement with previous measure-
ents [29,35], but the fragment of mass 41 was not mentioned

n previous studies. For acetone, this study found no significant
ragmentation, similar to Lagg et al. [33], but totally different
rom Warneke et al. [35]. For isoprene, mass 41 was observed in
revious studies but with a lower abundance [30]. It is suspected,
owever, that not only the different concentrations of water clus-
ers but also the collisions in the intermediate chamber (Fig. 1),
ocated between the sampling orifice of the drift tube and the
osecone of the QMS, have an impact on the observed VOC
ragmentation patterns.

.4. Ageing effect of bag samples

Similar to previous studies [14,36], significant ageing effects
f bag samples were observed. Hence, laboratory experiments
ere conducted to assess the ageing effects and to explore their

elation to potential losses of CO2 from bag samples. Two single
ixed expired breath gas samples were collected simultane-

usly, the first sample in a PTFE bag and the second sample
n a FEP bag. The samples were measured four times during
he following 3 days at our standard conditions of E/N = 119 Td.
etween the measurements the samples were stored at room

emperature and condensation occurred. Fig. 6a shows the CO2
oncentrations in the bags, calculated from Eq. (2), as a function
f the age of the sample. Both types of bags similarly fea-
ure a loss of CO2, the loss being around 80% after 3 days.
he ratio of water cluster ions, shown in Fig. 6b, decreases by
factor of three after 77 h, and the decrease is much faster

or the FEP bag. The experiments with results presented in
igs. 2 and 4 show that the loss of CO2 from the bags corre-
ponds to a reduction of the ratio cps(37)/cps(19) of only ∼35%.
ence, both types of bags loose not only CO2 but also water
apour, and the loss is much more rapid for the FEP bag. For the
TFE bag, however, the decrease of the ratio cps(37)/cps(19)
ithin the first 20 h can completely be explained by the loss of
O2.

The signals of the main breath gas VOCs methanol, ethanol,
ropanol, acetone and isoprene, were detected on mass 33, 47,
3, 59, and 69 (Fig. 6c and d). During the first 20 h, the only

ignificant change seems to be a decrease of propanol for the
EP bag. This more rapid loss of propanol from the FEP bag is
aused by the more rapid loss of water vapour. The loss of water
apour, however, did not affect the signals of methanol, ethanol,
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Fig. 6. Ageing effect of breath gas bag samples; displayed are CO2 concentration
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a), ratio of water cluster ions to primary ions (b), and normalised count rates
f VOCs (c and d). Solid lines and symbols refer to the PTFE bag, dash-dotted
ines and open symbols to the FEP bag. Curves are eye fits to improve lucidity.

cetone and isoprene. Then, after 77 h, all signals had decreased
learly. The decrease also occurred for methanol, acetone and
soprene, where, according to Fig. 4, no significant effect of CO2
n the measured concentrations could be detected for 119 Td.
ig. 4 also indicates that CO2 concentrations could substantially
ontribute to the decrease of the signals for propanol; yet, for
thanol, the decrease of the signal is much weaker than expected,
resumably because the ethanol room air concentrations were
imilar to the concentrations in the bag and the diffusion of
thanol into the bag was low. Hence, for the chosen conditions
nd the investigated types of bags, the ageing effects are hardly
elated with the loss of CO2 but mainly caused by an actual
hange of VOC concentrations and, for propanol, by the loss of
umidity from the bags.

. Conclusions

The CO2 concentration in breath gas affects the normalised
ount rates for strongly fragmenting molecules, and the increase
an be, for CO2 concentrations of 0 and 5%, up to 60%. Hence,
OC-concentrations calculated from PTR-MS signals by the
ommonly used formula [22] may suffer from large errors. To
easure concentrations in breath gas with good accuracy, the
TR-MS should ideally be calibrated with a test gas of appro-
riate H2O and CO2 levels. Moreover, the differences in H2O
nd CO2 levels of individual breath gas samples should be min-
mised with a well defined sampling method, and the loss of
O2 from the samples during the storage should be prevented.

uch a calibration, however, seems to be difficult, and differ-
nt levels of humidity and CO2 in breath gas samples might
e inevitable for unusual breathing patterns or for studies which
equire bag samples. In this case, the comparability of signals can

[

[
[
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e improved when the effects of CO2 and humidity are corrected.
or that, the signals should be measured as a function of the ratio
ps(37)/cps(19); such measurements could be accomplished by
dding water to the samples. Then the signals of all samples
hould be normalised to a constant ratio cps(37)/cps(19).
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