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a b s t r a c t

Suitability of different types of pre-concentration (solid phase microextraction and sorbent trapping) and
detection (flame photometric detector (FPD) and mass selective detector (MSD)) for gas chromatographic
determination of sulphur-containing compounds (H2S, MeSH, EtSH, DMS, COS and CS2) in breath-gas was
assessed in this study. Several factors like influence of humidity, influence of oxygen, or stability of target
compounds in extraction vessels (SPME vials and sorbent tubes) were investigated. Despite poor stability
of VSCs in SPME vials and matrix effects (unfavorable influence of humidity), SPME was found to be a
fast and reliable enrichment method, which coupled with mass selective detector provided satisfactory
PME
orbent trapping
2S
eSH

tSH
MS
OS

LODs of target compounds at the ppt level (from 0.15 ppb for CS2 to 2.3 ppb for H2S). Application of
sorbent trapping with two-bed sorbent tubes containing Tenax TA and Carboxen 1000 gave excellent
LODs (0.03–0.3 ppb for 200 ml sample and MSD). Stability of investigated VSCs in sorbents was found to
be very poor (30–40% losses after 2 h). FPD showed satisfactory sensitivity only when it was coupled with
sorbent trapping. Breath samples were collected into Tedlar bags in a CO2-controlled manner. Humidity
was removed during sampling (permeation dryer – Nafion) to avoid unfavorable water dependent effects
during analysis.
S2

. Introduction

Exhaled breath analysis is a highly promising non-invasive diag-
ostic technique of great medical potential [1–4]. Over the last years
great number of volatile organic compounds (VOCs) have been

ound in exhaled breath and for some of them correlations between
he concentrations and numerous diseases have been established.
urrently, an effort is made to find new biomarkers in human breath
nd develop reliable and sensitive methods for their determination.

Volatile sulphur compounds (VSCs) are promising biomarkers
resent in human breath-gas [3]. Increased concentrations of VSCs
ere found in breath of individuals with impaired liver functions

carbonyl sulphide (COS), dimethyl sulphide (DMS), methanethiol
MeSH), ethanethiol (EtSH), dimethyl disulphide (DMDS), carbon
isulphide (CS2) [5–7], halitosis (H2S, MeSH, DMS, CS2) [8–11],

rgan rejection after lung transplantation (COS) [12], lung cancer
DMS) [13], or schizophrenia (CS2) [14].

Trace analysis of VSCs in human breath is challenging due to
heir highly reactive nature and trace concentrations [15]. Currently,
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breath VSCs are analysed using gas chromatographic techniques
(GC) [7,12,16] frequently coupled with mass spectrometry (GC–MS)
[9,17,18], or sensor-based techniques employing semiconductor gas
sensors [8,10,13]. However, the last technique cannot separate and
distinguish between different VSCs.

Gas chromatography is a gold standard in breath research
[1,2,19]. In case of analysis of sulphur-containing species it offers
wide range of sulphur-selective detectors, namely flame photo-
metric detector (FPD), pulsed flame photometric detector (PFPD),
sulphur chemoluminescence detector (SCD) and atomic emission
detector (AED) [20–23]. Unfortunately, they are in most cases
impractical due to some technical problems (PFPD, SCD), or high
cost (AED). FPD is a stable, relatively inexpensive sulphur-selective
detector, which has been employed in trace analyses of VSCs in
different matrices [6,7,12,21,24–26]. This detector together with a
universal mass selective detector (MSD) found a wide application
in VSCs analysis in human breath.

Currently, breath analysis of VOCs relies on two pre-

concentration methods, namely solid phase microextraction
(SPME) and solid phase extraction with subsequent thermal des-
orption (SPE/TD) [1,2,4,19].

SPME has been successfully applied in VSCs analyses in gaseous
[22–24,27] and liquid [21,24,26] matrices. The advantages of this

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:Pawel.Mochalski@ifj.edu.pl
dx.doi.org/10.1016/j.jchromb.2009.05.010
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Table 1
Characteristics of sorbents. CMS – carbon molecular sieve, GCB – graphitized carbon
black.

Adsorbent Manufacturer Type Particle size
(mesh)

Carbopack X Supelco GCB 40/60
Carbotrap X Supelco GCB 20/40
Carboxen 569 Supelco CMS 20/45
Carboxen 1000 Supelco CMS 60/80
Carboxen 1003 Supelco CMS 40/60
P. Mochalski et al. / J. Chrom

echnique are its ease of operation, good limits of detection
ppb–ppt) and small amounts of sample required to perform
xtraction. SPME can be also easily automated, which significantly
educes laboratory effort and increases samples’ throughput.

Solid phase extraction with subsequent thermal desorption
SPE/TD) is the most popular VSCs pre-concentration method in
reath analysis [7,9,12,13,25]. It provides excellent limits of detec-
ion and possibility of targeting specific compounds by a proper
hoice of sorbents [28]. This method, however, is much more time-
nd effort-consuming.

Sampling is a crucial stage in breath analysis. Dilutions, con-
aminations and losses, which very frequently occur during this
nalytical step irreversibly modify sample composition and distort
he analysis results. Consequently, special precautions have to be
aken during the breath sampling. Currently, two sampling methods
re commonly used in breath studies: mixed expiratory sampling
nd alveolar sampling [19,29]. The alveolar sampling is much more
rofitable as it reduces the risk of contamination and ensures higher
oncentrations of breath volatile species [29,30]. The main problem
f breath sampling is, however, the lack of a commonly accepted
ampling protocol. Recently Miekisch et al. [29] have developed a
imple CO2-controlled sampling method targeting alveolar air. This
ethod was shown to be reliable and reproducible, and seems to be
significant progress toward the standardized sampling protocol.

In this paper suitability of different types of pre-concentration
solid phase microextraction and sorbent trapping) and detec-
ion (flame photometric detector (FPD) and mass selective
etector (MSD)) for gas chromatographic determination of sulphur-
ontaining compounds (H2S, MeSH, EtSH, DMS, COS and CS2) in
reath-gas were assessed. To select the optimal configuration sev-
ral factors like sensitivity, matrix effects, choice of optimal sorbent,
r stability of target compounds in extraction vessels were investi-
ated. In addition to this a CO2-controlled breath sampling method
argeting VSCs was presented.

. Experimental

.1. Calibration mixtures and test gases

Two certified cylinder-based primary standards of VSCs were
sed within this study (Linde gas, Germany). Standard no. 1 had
certified tolerance of 5% and contained MeSH (10 ppm), EtSH

10.7 ppm) and DMS (10.7 ppm) balanced with dry helium. Stan-
ard no. 2 was also balanced with dry helium and contained
2S (12.5 ppm), COS (10.2 ppm) and CS2 (12.5 ppm). The certi-
ed tolerance was 5% for H2S and CS2 and 10% for COS. These
rimary standards were statically diluted to prepare test gases
ith VSCs concentrations ranging from 0.2 to 200 ppb. This was

chieved by transferring 0.015–15 ml of primary standards with
as-tight silanized syringes (Hamilton, USA) into previously filled
ith 800 ml of nitrogen/air 1 L Tedlar bags (SKC Inc., USA). Tedlar

ags were chosen as the secondary standards containers due to
heir inertness and suitability for short-time storage of VSCs [31].
repared in such a way calibration mixtures were analysed after
0 min.

.2. SPME materials and method

SPME fibers coated with 85 �m carboxen/polydimethylsiloxane
CAR-PDMS) were obtained from Supelco (Canada). This type of

oating is commonly recommended for pre-concentration of VSCs
21–24,26,32,33]. Prior to the use all fibers were preconditioned
n GC injector at 290 ◦C for 2 h. SPME was performed in two
ypes of vials: 21 ml in volume (PerkinElmer, USA) and 20 ml in
olume (Gerstel, Germany). To prevent adsorption all vials were
Unicarb Markes International CMS 60/80
Tenax TA Markes International Organic polymer 60/80
Chromosorb 106 Supelco Organic polymer 60/80

silanized with hexamethyldisilazane (Sigma–Aldrich, USA). Five
types of sealing septa were used: silicone/PTFE (3 mm, Perkin
Elmer, USA), silicone/PTFE (1.3 mm, Gerstel Germany), silicone/TEF
(1.5 mm, Markus Bruckner Analysentechnik, Austria), butyl/PTFE
(1.3 mm, Gerstel, Germany) and natural rubber/TEF (1.3 mm, Ger-
stel, Germany).

Prior to the extraction the vial was evacuated with a membrane
pump and 19 ml of sample were introduced into it using a 20 ml
glass gas-tight syringe (Roth, Germany). Subsequently, the pressure
in vial was balanced with pure nitrogen (6.0–99.9999%). Extraction
was performed manually by inserting a fiber into a vial and exposing
it to a sample for 10 min at 30 ◦C. Afterward, the fiber was immedi-
ately introduced into the injector of gas chromatograph. The fibers
were desorbed at 260 ◦C in a splitless mode (30 s).

2.3. SPE materials and methods

Eight sorbent materials were used within this study: two organic
polymers (Tenax TA and Chromosorb 106), two graphitized carbon
blacks (Carbotrap X and Carbopack X) and four carbon molecular
sieves (Unicarb, Carboxen 569, Carboxen 1000 and Carboxen 1003).
The characteristics of the sorbents are presented in Table 1.

Stainless steel thermal desorption tubes (1/4 in. O.D., 3½ in.
long) pre-packed with Tenax TA and Unicarb were purchased
from Markes Int. (UK). All other sorbent tubes were prepared in-
house. Sorbents were placed in silanised glass thermal desorption
tubes (1/4 in. O.D. × 3½ in. long, Markes International, UK) and pro-
tected with silanised glass wool. Sorbent tubes containing carbon
adsorbents were preconditioned using the following temperature
program: 0.5 h at 100 ◦C, 1 h at 200 ◦C, 1 h at 300 ◦C and 0.5 h at
350 ◦C under the dry helium flow of 50 ml/min. In case of Tenax
TA sorbent tubes preconditioning temperature program was as
follows: 0.5 h at 300 ◦C and 2 h at 325 ◦C. Chromosorb 106 was
conditioned for 0.5 h at 100 ◦C and 1 h at 200 ◦C.

Sorbent trapping of VSCs was accomplished at room tempera-
ture by manual drawing of appropriate amount of sample through
a thermal desorption tube using a 100 ml glass syringe (ROTH, Ger-
many). Prior to the extraction on the sampling end of a sorbent tube
an inert stainless steel needle (Sulphinert treatment) was installed.
The other end was connected to the syringe. Next, the needle was
inserted through the septum into the sampling bag and sample
was sucked with a steady flow rate of 40 ml/min. After extraction
both ends of the sorbent tubes were sealed with PFTE ferrules and
Swagelok caps.

A two-stage thermal desorption of target compounds was
performed in commercial thermal desorber (UNITY, Markes Inter-
national Limited, UK). Over the course of the primary desorption
sorbent tubes were heated to 280 ◦C for 10 min and purged with

pure helium (6.0–99.9999%) at the flow rate of 20 ml/min. Released
during this step, analytes were immediately focused in the designed
for sulphur compounds cold trap (Markes International Limited,
UK) packed with graphitized carbon black and maintained at
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Table 2
Retention times, mass/charge ratios (m/z) and dwell times used in the SIM mode.

Compound Retention time (min) m/z Dwell time (us)

H2S 4.94
33 150
34 250

COS 5.39
60 300
62 100

MeSH 7.57
46 150
47 150
48 150

EtSH 10.15
29 200
47 200
62 200

DMS 10.7
46 200
47 200
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cedure. The first tube was analysed (GC–MS) immediately after
62 250

S2 11.7
76 250
78 200

10 ◦C. Analysed sulphur species were introduced into the capil-
ary column in the splitless mode by the rapid heating of the cold
rap to 280 ◦C (secondary desorption). The 1 m-long transfer line
silica tube) connecting thermal desorber with the column was

aintained during the analysis at the lowest possible temperature
f 120 ◦C.

.4. Gas chromatography

Slightly modified GC system presented in our recent paper [31]
as used during analyses. Analytes of interest were separated using

he DB1 column (60 m × 0.32 mm, film thickness 5 �m, Agilent,
SA) working in a constant pressure mode (19.28 psi). The column

emperature program was as follows: 60 ◦C for 7 min, increase to
30 ◦C at a rate of 15 ◦C/min and 230 ◦C for 5 min. The three-way
pl

itter (type G3183B, Agilent, USA) was used to divide the effluent
rom the column among three different detectors: mass selective
etector (MSD) (type 5975, Agilent, USA), flame photometric detec-
or (FPD) (type G2333B, Agilent USA) and electron capture detector
ECD). The split ratio determined by the length and diameter of
ubing connecting the splitter to the detectors was set to 2:2:1 for
he MSD, FPD and ECD, respectively. This means that both MSD and
PD detectors received equal amounts of the effluent, namely 40%.
he ECD detector, despite being a part of the system, was not used
ithin this work. The splitter pressure (the pressure at the column

utlet) was set to 3.8 psig. The application of the splitter allowed
n the simultaneous detection of investigated VSCs by the MSD and
PD detectors and, consequently, significantly shortened the time
f the experiments. The whole system was adapted to analyses of
eactive compounds (Sulphinert treatment).

Mass spectrometer worked in a combined SCAN and selected
on monitoring mode (SIM). SCAN monitoring mode was used
or compounds identification, whereas SIM mode was utilized for
uantification. The scan range was set from m/z 33 to 100. The reten-
ion times, mass/charge ratios (m/z) and dwell times used in the SIM

ode are presented in Table 2.

.5. Effect of matrix on efficiency of SPME

To evaluate possible matrix effects in the SPME of VSCs two
actors were investigated, namely presence of oxygen and high
umidity. For this purpose three test gases containing concentra-

ions of approximately 20 ppb of the VSCs of interest were prepared
nd analysed using the same SPME procedure and MSD detec-
or. The first one was balanced with neutral gas (nitrogen 6.0),
econd one with synthetic air (80% N2, 20% O2) and the last one
ith humidified synthetic air (RH = 100% at 37 ◦C). To avoid water
. B 877 (2009) 1856–1866

condensation and related to it possible losses of hydrophilic com-
pounds humid mixtures were produced only in SPME vials. First,
SPME vials were evacuated with a membrane pump and heated to
40 ◦C for 2 min. Next, 0.82 �l of distilled water – amount which cor-
responds to the water content in 19 ml of human breath (100% RH
at 37 ◦C) – was injected into the vials. After approximately 2 min
(time necessary for the complete water evaporation), appropriate
amounts of dry mixtures were added to obtain target concentra-
tions. All vials were maintained at 40 ◦C in the course of the whole
experiment.

2.5.1. Background tests of SPME vials
During these tests background of vials sealed with different

types of septa was investigated to estimate its influence on sample
integrity. Crimped with tested septa vials were filled with high-
purity nitrogen and stored at room temperature. For each type of
septa two vials were prepared. The first one was analysed immedi-
ately after filling the second one after 6 h of storage.

2.5.2. Recovery tests from SPME vials
Stability of target compounds in extraction vessels (in our case

in SPME vials) is a crucial factor in SPME of breath samples. This
is particularly important when long sequences of breath samples
are analysed with the help modern autosamplers. Septum closing
the extraction vial is in this case the most vulnerable element. To
select the optimal septum material five different types of septa
were tested with respect to their influence on the VSCs stabili-
ties. Recoveries of VSCs were examined using a test gas containing
approximately 10 ppb of each VSC. For each type of septum a set of
8 vials was prepared. These vials were evacuated and filled with the
test gas at the same time. Next, the content of these vials was anal-
ysed with SPME–GC–MS method after certain periods of time to
monitor the time evolution of VSCs concentrations. The first anal-
ysis was done immediately after the vials’ filling, next ones after
approximately 0.5, 1, 2, 3, 4, 6 and 24 h of storage.

2.6. Selection of optimal sorbent

The main goal of this test was to select the optimal sorbent
(or set of sorbents) for trapping and retaining the investigated
VSCs. All the eight aforementioned sorbents were investigated. In
case of the carbon based sorbents tested tubes contained mass of
200 mg. For organic polymers the corresponding mass amounted
to 100 mg. This difference was caused by a limited volume of glass
tubes and relatively low mass to volume ratio in case of polymer
sorbents. During the test 200 ml of the test gas (20 ppb of VSCs)
were allowed to pass through each sorbent tube using the ear-
lier described extraction procedure. The tubes were desorbed and
analysed with GC–MS method immediately after extraction.

2.6.1. Recovery of VSCs from sorbent tubes
Suitability of sorbent tubes for storage of breath VSCs was

checked in a similar way like for SPME vials. Prior to the experi-
ment four two-bed sorbent tubes containing 100 mg of Tenax TA
and 150 mg of Carboxen 1000 were prepared and preconditioned.
As it will be shown in the Section 3, this combination of sorbents
was found to be optimal for trapping of target compounds. Next,
200 ml of a test gas containing about 20 ppb of investigated VSCs
were transferred into each tube using the earlier described pro-
extraction, next ones after 1, 2.5 and 24 h of storage. Two storage
temperatures were investigated to check the influence of this fac-
tor on the VSCs stability: room temperature (23 ◦C) and 4 ◦C. During
the storage time all the tubes were sealed with PFTE ferrules and
Swagelok caps.



P. Mochalski et al. / J. Chromatogr. B 877 (2009) 1856–1866 1859

2

p
o
t
c
b
s
a
d
r
i
p
o
a
D
e
m
i
e

m
r
t
p
e
l
c
p
w
i
b
t
e
(
s
l
L
p
d
a

s
g
c
t
a
t

Fig. 1. Scheme of breath sampling device.

.7. Breath sampling

The applied sampling procedure was based on the breath sam-
ling method developed by Miekisch et al. [29]. Our modifications
f this system faced two problems: losses related to the high reac-
ivity of VSCs, and humidity dependant effects in VSCs analysis. To
ircumvent the first one an effort was made to delimit the contact of
reath samples with sampling system elements. This was done by
hortening of the transfer line. Humidity of breath samples strongly
ffects the GC analyses of VSCs. The most undesirable effects are:
ecrease of the sorbents adsorption capacity, plugging of cold traps,
etention time variations and decrease of the extraction efficiency
n SPME [15,23,34,35]. Several methods of water removal have been
roposed to avoid these effects. The most popular ones are: usage
f drying agents (e.g. CaCl2, K2CO3, MgSO4) and usage of perme-
tion membranes (e.g. Nafion – perfluorosulphonic acid) [15,27].
rying agents, despite their popularity, strongly affects the recov-
ries of numerous VSCs and their application is limited [15]. Much
ore useful seems to be the permeation removal of water engag-

ng membrane tubes. This drying method has been proved to be an
fficient one in VSCs analyses [15].

The sampling device used in this study consisted of a disposable
outhpiece installed on a L-shaped plastic tube (Polyvinyl chlo-

ide – PVC), CO2 sensor cell (Capnogard, Novametrix, USA) attached
o the other side of the L-tube, and 68 cm-long Nafion tube in a
olypropylene casing (Perma Pure LLC, USA) (see Fig. 1). The one
nd of the Nafion tube was connected through an additional luer-
ock aperture to the L-shaped tube, whereas, the other end was
onnected to the valve of a sampling bag. In our investigations sam-
les were collected into 1 L Tedlar or Flexfoil bags (SKC Inc., USA),
hich were found to be the most suitable materials for storage of

nvestigated species [31]. During the first phase of sampling exhaled
reath flowed solely through the L-tube and the sensor cell, where
he CO2 concentration was monitored. The alveolar phase of the
xhalation air was recognized with the help of the PCO2 monitor
Capnogard, Novametrix, USA). Breath-gas was introduced into a
ampling bag only during the alveolar phase by closing the out-
et of the sensor cell. Consequently, only mouthpiece, part of the
-shaped tube, Nafion tube and valve were in contact with a sam-
le during its flow to the polymer bag. To improve the efficiency of
rying the Nafion tube was additionally purged from outside with
mbient air.

To investigate losses of the VSCs during the passage through the
ampling device, a 1 L in volume Tedlar bag was filled with the test
as containing approximately 20 ppb of sulphur compound. The

ontent of this bag was analysed using the SPME–GC–MS. Next,
he bag was connected to the mouthpiece of the sampling device
nd its content was transferred to another Tedlar bag connected
o the distant end of the Nafion tube. Prior to the experiment the
Fig. 2. Influence of the different matrices (nitrogen, dry air, humidified air) on the
efficiency of SPME of H2S, COS, MeSH, EtSH, DMS and CS2 (GC–MSD). Peaks areas
are normalized to signals obtained for mixtures balanced with N2.

sampling device was purged with approximately 1 L of the test gas
to remove air and avoid dilution. Finally, gas collected in the sec-
ond Tedlar bag was analysed with the same method as the first
one.

3. Results

3.1. Effect of matrix on efficiency of SPME

The comparison of VSCs peak areas obtained for different matri-
ces is presented in Fig. 2. For H2S, COS, DMS and CS2 no significant
differences were found between test gases prepared in nitrogen
and air. There was, however, a notable difference in the peak
areas obtained for mercaptans. The peak area of methanethiol
was 50% smaller when this compound was extracted from dry air.
For ethanethiol the analogous loss amounted to 30%. This phe-
nomenon was also described elsewhere [23] and can be attributed
to the oxidation of MeSH and EtSH in the GC injector at high tem-
perature during desorption. An effort was made to reduce this
effect by decreasing the injector temperature. However, this did not
significantly improve signals. Furthermore, for the temperatures
below 250 ◦C significant peak tailings were noticed. Consequently,
the injector temperature of 260 ◦C was recognized as the optimal
one.

For the test gas balanced with humidified air the peak areas of
H2S, COS, MeSH and EtSH were about 80% smaller than the ones
obtained for the test gas prepared in dry nitrogen. For DMS and
CS2 the drop was slightly smaller and amounted to 25% and 8%,
respectively. Two possible reasons of such a decrease can be indi-
cated: loss of hydrophilic compounds related to water condensation
on the vials’ walls and decrease of SPME efficiency. Condensed
water vapor attracts well soluble compounds and affects, thereby,
the original concentrations. Since the test gas was humidified only
in vials, which were maintained within the course of the experi-
ment at the temperature guaranteeing that no water condensation
occurred, the second option seems to be much more probable. Par-
ticularly that similar humidity effect in SPME of VSCs was described
also elsewhere [23]. These findings led us to a conclusion that the
water removal from the sample prior to the SPME could significantly
improve the VSCs extraction from breath.

3.2. Background tests of SPME vial
All the three types of silicone septa exhibited a good background.
They did not emit any sulphur species as well as other contam-
inants, which could interfere with the investigated VSCs. For the
case of butyl septa and natural rubber septa significant emissions
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Fig. 3. Effect of storage time on recoveries of investigated VSCs from vials sealed with different types of septa (SPME–GC–MSD). Peak areas normalized to signals obtained
for samples analysed immediately after filling.
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Fig. 4. Extraction efficiency of investigated sorbents for COS, MeSH, EtSH, DMS and CS2 (SPE–GC–MSD).
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Fig. 5. Effect of storage time on recoveries of COS, MeSH, E

f COS and CS2 were noted. In vials crimped with natural rubber
epta the COS and CS2 concentrations increased to 10 and 3 ppb,
espectively after 24 h of storage, whereas, for butyl septa these
oncentrations amounted to 3 and 9 ppb.

.3. Recovery tests from SPME vials

Silicone septa from different manufacturers exhibited similar
ime evolution of VSCs concentrations (see Fig. 3). In case of COS,

eSH, DMS and CS2 recoveries ranged from 70% to 75% after 6 h
o drop to 20–40% after 24 h. More perceptible differences between
ifferent silicone septa were noted for H2S and EtSH. The best recov-
ry after 6 h was observed for septa manufactured by Gerstel (88%
or H2S and 95% for EtSH). For the two remaining silicone septa
osses of H2S and EtSH amounted to 30–40%.

For the butyl septa, recoveries of the organic VSCs were excellent

nd did not change significantly during the first 6 h of storage. After
4 h they dropped to 80% for MeSH, 63% for EtSH and 95% for DMS.
he H2S stability was poorer. There was a considerable loss of 28%
n its concentration after 6 h, which reached 50% after one day of
torage. The concentrations of COS and CS2 increased to 20 and
MS and CS2 from Tenax TA/Carboxen 1000 sorbent tubes.

40 ppb at the end of the investigated period, which is consistent
with the results of the background test.

Recoveries of organic VSCs were also relatively good in vials
sealed with natural rubber septa. DMS and EtSH concentrations
remained stable for 6 h after the vial filling (losses smaller than
10%) to drop by 20% and 40%, respectively after one day. For H2S
and MeSH decrease was more evident and amounted to 25% after
the first 6 h. Similarly like for butyl septa, notable gains in COS and
CS2 concentration were observed. It is worth mentioning that the
emission of COS from natural rubber septa was particularly inten-
sive. The concentration of this compound reached 93 ppb after 24 h
of storage.

None of the examined septa was perfect material for SPME of
investigated VSCs. Despite good background silicone septa do not
provide a good recovery of sulphur compounds. Rubber septa (par-
ticularly butyl septa) seem to be a good material for SPME of organic

VSCs. Due to the excellent stability of EtSH, MeSH and DMS, vials
sealed with these types of septa can be recommended as storage
containers.

In view of these results, silicone septa with the best general
background (PerkinElmer) were selected for experiments within
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this study. However, to avoid losses of VSCs SPME was performed
immediately after the vials filling.

3.4. Selection of optimal sorbent

The comparison of the extraction efficiencies of tested sorbents
is presented in Fig. 4. With the exception of Chromosorb 106 DMS
and CS2 were satisfactorily trapped by all tested sorbents. The high-
est peak areas for DMS and CS2 were obtained for carbon molecular
sieves (CMSs). They outstripped by 40% the ones obtained for
graphitized carbon blacks (GCBs) and by 25% the one obtained for
Tenax TA. COS was trapped satisfactorily only by CMSs. Within this
group Carboxen 569 and Carboxen 1000 produced the largest peaks.
Tenax TA was found to be the most efficient sorbent for trapping
of mercaptans. In case of this sorbent signal for EtSH outstripped
4–10 times the EtSH signals obtained for other sorbents. Similar
pattern was observed for methanethiol. Poor peak areas of MeSH
and EtSH for carbon sorbents can be ascribed to mass losses due to
the reactions induced by active centers. However, we did not detect
any potential products of such reactions.

H2S turned out to be too volatile for sorbent trapping with
applied materials. A signal for this compound was not obtained for
any of the tested sorbents. It was either not retained by sorbents or
purged out during the thermal desorption. This problem could be
eliminated by the usage of special materials designed for trapping
of H2S (e.g. cold trap filled with silica gel). Since we were interested
in the most universal sorbents this compound was excluded from
further investigations.

Amongst the tested sorbents Unicarb was the most universal
one. It successfully trapped COS, DMS and CS2 and provided rela-
tively good signals for mercaptans. On the other hand, Tenax TA was
found to be an excellent sorbent for retaining of MeSH and EtSH.
Consequently, the combination of Tenax TA and one of CMSs was
recognized as optimal for sorbent trapping of investigated VSCs.
The two-bed tubes used in further experiments contained 100 mg
of Tenax TA (front end) and 150 mg of Carboxen 1000 (far end).

To estimate the efficiency of the extraction with Tenax
TA/Carboxen 1000 200 ml of test gas (40 ppb of VSCs) were sucked
through two sorbent tubes connected in a row and analysed. The
estimated extraction efficiency amounted to 98.8% for COS, 96.7%
for MeSH, 98.7% for EtSH, 98.2% for DMS and 99.8% for CS2. These
values were recognized as satisfactory for analysis of all compo-
nents of interest.

3.4.1. Recovery of VSCs from sorbent tubes
VSCs stabilities on the investigated sorbents were poor (see

Fig. 5). For tubes stored at 23 ◦C recoveries amounted to approx-
imately 90% after 1 h of storage. 1.5 h later they dropped to 65%
for COS, MeSH, EtSH and DMS and 85% for CS2. After 24 h there
were considerable losses (80–85%) observed for COS, MeSH and
EtSH, whereas, the concentrations of DMS and CS2 remained sta-
ble. CS2 with the concentration drop of 15% after 24 h was the only
compound whose recovery was satisfactory over the investigated
period. Very similar recoveries were obtained for tubes stored at
4 ◦C in the refrigerator. These findings led us to a conclusion that
sorbent tubes should not be considered as storage containers for
breath VSCs. Furthermore, the retained sulphur compounds should
be analysed within 1 h after extraction.

3.5. Validation parameters
The validation parameters were established for both tested
detectors (FPD and MS) and both pre-concentration techniques
(SPME and SPE). The linearity of the calibration graphs was checked
using nine gas mixtures with concentrations of 0, 0.2, 0.5, 1, 5, 10,
25, 50, 100 and 200 ppb. The last concentration was used only for
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ig. 6. Losses of H2S, COS, MeSH, EtSH, DMS and CS2 after the passage through the
ampling device.

he configurations employing the FPD, which showed higher lim-
ts of detection than the MSD. For the FPD the sulphur response is

uadratic [20]. To compensate it, the square roots of the peak areas
ere used for calculations concerning this detector. The calibration

raphs were also used to estimate limits of detections and limits
f quantifications. The limit of detection (LOD) and limit of quan-

ig. 7. (A) Exemplary SPME–GC–MS chromatogram of a breath sample (volunteer no. 8).
standard mixture containing 50 ppb of VSCs.
. B 877 (2009) 1856–1866

tification (LOQ) were defined as signal-to-noise ratios of 3 and 9,
respectively.

The estimations of the relative standard deviations (RSDs) were
based on five consecutive analyses of appropriate test gases. For
experiments employing mass selective detector the test gas with
6 ppb of each VSC was used. In case of the FPD configurations the
test gases contained slightly higher concentrations of VSCs 20 ppb
(SPE) and 50 ppb (SPME).

The correlation coefficients, slopes, intercepts, LODs, LOQs and
RSDs obtained for both investigated detectors and both pre-
concentration methods are presented in Table 3. It must be stressed
that the LODs presented in Table 3 were obtained for only 40% of
the column effluent.

For all configurations the responses were found to be linear over
the investigated ranges of concentrations. The configurations with
mass selective detector (MSD) produced 60–100 times better LODs
than the ones employing flame photometric detector (FPD). For the
SPME–GC–MSD they ranged from 0.15 ppb for CS2 to 2.3 ppb for
H2S, whereas, for SPE–GC–MSD they were between 0.03 ppb for CS2
and 0.31 ppb for MeSH. These values can be considered as satisfac-
tory for breath analysis. For the case of FPD the limits of detection
fell in the range of 6–120 ppb when SPME was used as the pre-
employed for sample enrichment.
The sensitivity of the SPME–GC–FPD system was too poor for

quantitative analyses of investigated compounds in breath-gas.
Consequently, the application of the FPD detector in breath anal-

COS atm. denotes atmospheric COS (about 0.5 ppb). (B) Reference chromatogram of
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Table 4
VSCs compounds detected in breath of healthy volunteers.

No. Gender Age Smoking status H2S (ppb) COS (ppb) MeSH (ppb) DMS (ppb) CS2 (ppb)

1 F 40 non-smoker 7.3 ± 0.5 <0.26 <0.56 10.5 ± 0.9 <0.1
2 F 28 non-smoker 7.1 ± 0.5 <0.26 <0.56 5.8 ± 0.7 <0.1
3 M 30 smoker 6.6 ± 0.5 <0.26 <0.56 5.7 ± 0.7 <0.1
4 F 28 non-smoker 14.4 ± 0.6 0.7 ± 0.2 2.1 ± 0.3 16.0 ± 1.0 <0.1
5 M 35 non-smoker 6.5 ± 0.5 <0.26 1.6 ± 0.3 4.4 ± 0.7 <0.1
6 F 45 non-smoker 3.0 ± 0.5 <0.26 <0.56 6.8 ± 0.8 <0.1
7 F 24 non-smoker <2 <0.26 <0.56 14.0 ± 1.0 <0.1
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8 F 31 non-smoker 11.9 ± 0.6
9 M 24 non-smoker <2

10 M 55 non-smoker 29.5 ± 0.7

sis is limited to sorbent trapping. The great advantage of sorbent
rapping is the improvement of LODs by the increase of exploited
ample volume. For the SPE–GC–FPD system 500 ml of breath-gas
eem to be the minimum volume to obtain satisfactory sensitivity.
he mass selective detector working in SIM mode ensured satis-
actory LODs both for SPME and SPE. However, the SPME–GC–MS
onfiguration is more practical with respect to laboratory effort,
ample stability and automation.

.6. Breath sampling

Losses of approximately 10% were observed for H2S, COS, DMS
nd CS2 after the test gas passage through the breath sampler (see
ig. 6). In case of mercaptans they were higher and amounted to
5%. These losses were slightly higher than the ones reported for
afion driers by other authors [15]. However, in our experiment

hey cannot be ascribed exclusively to the influence of Nafion tube,
ut also to the adsorption on other elements such as the mouth-
iece or bag’s valve. Considering profits resulting from the water
emoval the recorded losses were recognized as acceptable for the
eveloped method.

.7. Examples of breath analysis

Breath samples of 10 healthy volunteers were analysed using
he SPME–GC–MS. This method was chosen due to its simplicity,
ood sensitivities and possibility of H2S detection. Two samples
ere taken per subject: alveolar air and room air. The latter was
sed to make the background corrections of the VSCs concentra-
ions in exhaled air. Samples were collected in sitting stance after
min rest. Since all subjects were recruited from the laboratory

taff longer equilibration with environmental air was not necessary.
nder normal conditions this time should be increased to at least
0 min. Samples were collected into 1 L in volume Tedlar bags and
nalysed within 2 h after sampling. An exemplary chromatogram
f breath sample analysis is presented in Fig. 7.

Five compounds of interest were found to be present in the
xpired breath of volunteers: H2S, COS, MeSH, DMS and CS2 (see
able 4). H2S was detected in breath of eight persons. Its concentra-
ions ranged from 3 to 29.5 ppb (mean: 10.8 ppb). DMS was present
n all breath samples. The concentrations of this compound were
etween 4 and 16 ppb (mean: 8.9 ppb). Breath of only four people
ontained detectable amounts of methanethiol (1.5–2.3 ppb). COS
ike CS2 was detected only in breath of one volunteer. Interestingly
olunteers with elevated concentrations of COS and CS2 exhibited
igher concentrations of other sulphur species.
. Discussion

Low breath concentrations and reactive features of VSCs impose
evere precautions during all steps of VSCs analysis. To ensure reli-
ble analysis all materials and elements of the system being in
<0.26 2.3 ± 0.3 15.8 ± 1.1 <0.1
<0.26 <0.56 4.1 ± 0.7 <0.1
<0.26 1.6 ± 0.3 6.0 ± 0.8 0.6 ± 0.2

contact with the sample have to be carefully selected. This means
application of inert materials showing no emission of target com-
pounds. The last problem particularly afflicts determination of COS
and CS2. As it was demonstrated above and in our recent paper [31]
COS and CS2 are frequently emitted from rubber parts of the system
(e.g. O-rings, septa, gaskets) that distorts the analysis results. Con-
sequently, rubber should be eliminated from all elements being in
contact with the sample particularly during the sample storage.

Breath sampling is the most vulnerable stage of breath analy-
sis. In case of VSCs we recommend CO2-controlled breath sampling
method developed by Miekisch et al. [29]. However, to reduce VSCs
losses transfer line should be as short as possible and heated. It is
also advisable to reduce sample humidity during sampling. Such an
approach eliminates numerous unfavorable effects during the VSCs
analysis. In the sampling system used in this study humidity prob-
lem was solved by the application of the permeation dryer (Nafion).
The main disadvantage of this approach is a slightly increased resis-
tance during the breath flow into the bag, induced by a small
internal diameter of the Nafion tube. However, it can be eliminated
by the use of commercial multitube Nafion driers adapted to high
flow rates.

The choice of sample vessel is a crucial issue for sample stor-
age. The perfect one should be inert for samples, inexpensive and
reusable. High reactivity and very low concentrations of breath
VSCs put severe demands on potential sample vessels. Unfor-
tunately, the most inert containers are impractical due to the
high costs (stainless steel with Sulphinert treatment) or fragility
(silanised glass bulbs). In our recent paper [31] we investigated suit-
ability of several polymer bags for storage of sulphur-containing
compounds relevant in breath analysis. Flexfoil and transparent
Tedlar were found to be the optimal materials for VSCs storage
up to 24 h. In this paper we additionally tested alternative sam-
ple containers: sorbent tubes and SPME vials. Unfortunately, due
to the poor stability of VSCs (vials and sorbent tubes) or emission
of some sulphur species (some types of septa) they do not meet
all requirements. Only vials equipped with butyl septa could be
used for short-time (6–8 h) storage of organic sulphur species (e.g.
DMS, EtSH, MeSH). Consequently, Tedlar or Flexfoil bags can be
recommended for storage of breath samples in VSCs analysis. Poly-
mer bags with breath samples can be stored at room temperature,
however, they should be heated prior to the extraction.

SPME is a fast and simple pre-concentration method, which can
be easily applied in breath analysis of VSCs. Coupled with mass
selective detector working in SIM mode it provides satisfactory
LODs for all investigated VSCs. In addition to this SPME requires
relatively small amounts of breath-gas to perform extraction. This
feature is especially valuable when the volume of breath sample is

limited, or when analysis is aimed at the determination of VSCs
in a single exhalation. SPME has, however, some disadvantages.
Poor stability of VSCs in SPME vials and emission of CS2 and COS
from rubber septa complicates the automation of this analytical
step. Consequently, SPME has to be performed immediately after
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lling the extraction vessel. The matrix effects manifested by the
osses of mercaptans during the fiber desorption in the presence of
xygen and decrease of extraction efficiency for humid samples sig-
ificantly affect the sensitivity of the method. Whereas, the former
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y the aforementioned drying method.

Sorbent trapping is an alternative sample enrichment method
hat can be applied in analysis of breath VSCs. The two-bed sor-
ent tube containing Tenax TA and one of the carbon molecular
ieves (e.g. Unicarb, Carboxen 1000) is the optimal one for trapping
f five investigated sulphur species. H2S requires special materials
e.g. cold trap filled with silica gel) and has to be analysed sepa-
ately. The obtained LODs (ppt level) are excellent and can be easily
mproved by the use of larger sample volume. Consequently, in case
f SPE/TD FPD can successfully replace the mass selective detector.
his method, however, is time- and effort-consuming. Stabilities of
SCs in sorbent tubes are very poor, consequently, trapped VSCs
ave to be analysed immediately after extraction. Moreover, due to
his effect automation of the method seems to be difficult. SPE can
e recommended for breath studies aimed at very low concentra-
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