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Abstract

Gas chromatography (GC) is a frequently used analytical method for the determination of permanent and organic air components. 

The analysis usually needs two different columns in practice. The molecular sieve stationary phase can separate oxygen, nitrogen and 

carbon monoxide, but irreversibly adsorbs carbon dioxide and water. Porapak type columns are applicable for the measurement of 

carbon dioxide, however oxygen, argon, nitrogen and carbon monoxide are co-eluted. Usually these two types of columns are used 

in parallel for the determination. Carboxen stationary phase can separate carbon monoxide and carbon dioxide, but argon, oxygen 

and nitrogen are co-eluted. Thermal conductivity detector (TCD) and flame ionization detector (FID) are used commonly together 

for the  determination of the separated components. TCD is applied for permanent gas analysis whereas FID – combined with a 

methanizer – is used for the detection of carbon monoxide, carbon dioxide and light hydrocarbons. Mass spectrometer (MS) is also a 

potential detector, because the properly chosen fragment ions can increase the selectivity.

We developed a method for the determination of air components, using only one column and one detector. This method is suitable 

for the measurements by combining the advantages of the carboxen column with mass spectrometry. The validation parameters of 

the method were in the acceptable interval, so this method is able to determine the air components. The application of this technique 

to the analysis of cave air provided valuable information to the exploration of the Molnár János cave system.
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1 Introduction
Atmospheric pressure gas sampling could be carried out 
by forced flow sampling, or by passive sampling (diffu-
sion sampling). The forced flow is usually used with freez-
ing type, absorption or adsorption type enrichments or 
volumetric sampling solutions. Volumetric gas sampling 
is possible, if the amount of the analyte concentration is 
more than the limit of detection and the boiling point of 
the monitored components is under 150 °C. In this case, 
gas sampler tubes [1, 2], canisters [1, 3] and air sampling 
bags can be used [1, 3–5]. Polyethylene-terephthalate bot-
tles and Giggenbach bottles [6] are also suitable for col-
lecting gas samples. The storage conditions of the samples 
are very important. They must be under pressure and in 
order to protect them from the air, a closing liquid must 
be used. For this purpose, a saturated CaCl2 or saturated 
Na2SO4 solution is used [1].

The permanent gas analysis needs two different sta-
tionary phase for the separation among standard condi-
tions [4, 7]. Cryogen chromatography is an option [4, 8]. 
Hydrogen, oxygen, nitrogen, carbon monoxide, carbon 
dioxide and light hydrocarbons can be separated on a 
Porapak Q column. First, the column must be cooled down 
to −65 °C and then heated up to 200 °C. The application of 
this very low temperature is difficult, so in the daily practice 
two column systems are used [9]. Previously packed col-
umns were used for permanent gas analysis, but today cap-
illary PLOT columns are widely spread. Capillary columns 
have better resolution and efficiency, and the separation is 
much faster [5]. These columns have a wider temperature 
tolerance and the stationary phase is more stable, which 
means less bleeding and with a lower background they 
have lower detection and quantitation limits [10].
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The molecular sieve stationary phase is able to sepa-
rate most of the permanent gases. However carbon diox-
ide, water vapor and heavy hydrocarbons adsorb irrevers-
ible at room temperature on the stationary phase. These 
components deactivate the zeolite [1, 4, 8] and the effi-
ciency of the separation gets worse [11]. The column must 
be regenerated [1]. Styrene-divinylbenzene (Porapak type 
column) is used for carbon dioxide and light hydrocar-
bons analysis [1, 2]. The other components of the air can-
not be separated from each other. Only one peak appears 
in the case of air, which contains argon, oxygen, nitrogen 
and carbon dioxide too [4, 5]. Carboxen column is appli-
cable to determine air components, but argon, oxygen 
and nitrogen have worse resolution than on the molecu-
lar sieve stationary phase [1, 4]. The measurements were 
usually carried out at low column temperature (20–55 °C) 
under isothermal conditions [2, 7]. Sometimes the iso-
therm temperature is higher (70 °C) [11] or the applied 
temperature program has a heated phase at the end [9].

The well-chosen detector is very important. The thermal 
conductivity detector is universal and able to detect perma-
nent gases [1]. Because it is also cheap, and its construction 
is simple and easy to use, this detector is widely used in the 
practice [10]. It has a wide linear range and it is not destruc-
tive [1]. But because of its big dead volume, it is not suit-
able for capillary columns and is less sensitive [1, 10, 12]. 
The flame ionization detector cannot measure nitrogen, 
oxygen, neither noble gases [1, 5, 12], but with a metha-
nizer unit, it is able to detect carbon monoxide and car-
bon dioxide [4, 13–15]. It has a very wide linear range and 
good sensitivity [1, 12], but it is a destructive detector, so 
other detectors cannot be combined with it [1, 2]. The heli-
um-ionization detector is able to ionize all the organic and 
inorganic components, but it is very sensitive and its impu-
rities can give noise, so it has to be very pure. The effi-
cient ionization makes this detector much more sensitive 
than the others. The mass spectrometer (MS) is univer-
sal and selective too [1]. It provides information about the 
quality and quantity of the analytical sample. The limit of 
detection is very low which makes it able to analyse minor 
components [1, 5, 12]. It cannot be efficiently used with a 
wide bore capillary column or packed column, because of 
the high amount of the eluent [1]. By MS we can make a 
total ion chromatogram (TIC) and we can use selective ion 
monitoring (SIM) to analyse only some fragments. Trace 
amount of carbon monoxide is detectable in a high amount 
of nitrogen by improving the sensitivity, if we are monitor-
ing the 12 mass to charge (m/z) fragment of carbon monox-
ide instead of the total ion chromatogram [16].

For this study gas samples were collected from the 
Molnár János cave in Budapest near the Malom lake. 
99 % of the cave is submerged under water [17, 18]. With 
the exception of a large cave pool the cave can be accessed 
only through narrow fissures. Inside the cave there are gas 
filled chambers accessible only to divers, several hundred 
meters from the entrance (Fig. 1). Chambers filled with 
breathable air could provide refuge to divers in case of 
complications during the dive. Determining the composi-
tion of air in these chambers can also help finding connec-
tions to other cave systems or to the surface. Testing the 
ventilation of the cave at these locations by increasing the 
concentration of an inert gas then following the falloff can 
indicate communication with the surface or other gas-filled 
tunnels. The Molnár János cave is the youngest member of 
the Buda Thermal Karst system, providing the connection 
towards the other (already interconnected) caves are high 
priority both for cave explorers and for geologists.

Fig. 1 "Seprűs" chamber in the Molnár János cave

(a)

(b)
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2 Materials
Standard gases like nitrogen (99.996 %), argon (99.995 %), 
oxygen (99.5 %), carbon dioxide (99.5 %) and 
helium (99.996 %) were purchased from Linde. Formic 
acid and sulphuric acid for carbon monoxide standard were 
from Merck. Natural gas was used as methane standard.

3 Sampling and preparation
The air samples were collected by the divers. First, we 
used gas sampling tubes made of glass, which were stored 
under pressure with saturated Na2SO4 solution. In some 
cases, these tubes have broken in the narrow passages of the 
cave. Therefore, we tried PET soda bottles for air sampling. 
The bottles were filled with water on the site of the sampling, 
then lifted ~1.5 m above the water surface with the help of 
a telescopic rod to avoid mixing with the diver’s breathing 
gases, then inverted. After the water emptied the bottle was 
quickly lowered and closed. Sampling was repeated at dif-
ferent heights to check for stratification. The PET soda bot-
tles were tested for leaking. The divers have taken parallel 
gas samples from the same cave chamber. One of the sam-
ples was measured on the sampling day, and the other was 
analysed later. The composition of the gas samples were the 
same after one week. According to this result we can state 
these bottles were appropriate for gas sampling and stor-
ing the samples for one week before measuring without any 
change in the composition. On the bottles we glued septa, 
thus with the help of a gastight syringe we could transfer the 
air sample into the gas chromatograph.

The calibration mixtures for the validation were made 
by static gas mixing. The concentration of the nitro-
gen (~60–80 %) was out of the linear range, so we diluted 
the samples with helium. The other components were 
measured from the original sample. Thus we measured 
nitrogen and the other components with different tem-
perature programs.

4 Instrumentation
For the analysis a Shimadzu GCMS-QP2010 was applied. 
The injections were carried out manually, with a gastight side 
hole syringe. The injected volume was 20 μL. Chromatograms 
were evaluated with GC/MS Solution software.

5 GC-MS method
The gas samples were analysed on a Carboxen 1010 PLOT 
(30 m × 0.32 mm) capillary column. Helium was the car-
rier gas and the column flow was 4.48 mL min−1. The total 
flow was 117.4 mL min-1 and split ratios were for nitrogen 

and for the other components 150 and 25 respectively. 
The injector was held at 220 °C. Nitrogen was measured 
under isothermal condition at 35 °C. The other components 
were analysed with a column temperature program. The 
oven temperature was initially held at 35 °C for 3 minutes, 
increased to 100 °C at 50 °C min−1 with the final tempera-
ture held for 4.7 minutes. The interface and the ion source 
temperature were set at 200 °C and the detector voltage 
was 1.10 kV. During the nitrogen determination the 28 
m z−1 molecule ion was continuously monitored. Fragment 
28 (nitrogen, carbon monoxide), 32 (oxygen), 40 (argon) 
was monitored from 1.50 to 3.00 minutes. Fragment 16 
for methane was detected between 4.00 and 5.50 minutes. 
Carbon dioxide was measured from 6.25 to 9.00 minutes 
with its molecule ion 44. The time windows of the moni-
tored fragments are shown in Fig. 2.

6 Validation
Specificity was tested by static diluted gas mixtures. 
Nitrogen, oxygen, argon, carbon monoxide, carbon dioxide 
and methane were mixed in a headspace vial. Carbon mon-
oxide was evolved in a headspace vial from the reaction of 
concentrated formic acid and sulphuric acid. We took a total 
ion chromatogram from the standard mix and tested it to 
make sure there are no peaks overlapped which has the same 
fragment. The linear range and calibration curve was cre-
ated by 5 different concentration level of the validated com-
ponents. The composition of the calibration gas mixtures are 
shown in Table 1. Limit of detection and limit of quantitation 
were calculated from the signal to noise level of the low-
est calibration level of each component. The precision of the 
instrument was determined by measuring the same standard 
mix five times. The method precision was measured by two 
different gas mixtures. Oxygen, argon and carbon dioxide 
were in known quantity in one headspace vial and nitrogen 
was in helium in another vial. These samples were measured 

Fig. 2 The time windows of the selective ion monitoring measurements
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three times. A known amount of the standard gases were 
spiked to each sample and we determined the recovery for 
every component. These results are characterizing the accu-
racy of the method. Robustness of the method was inves-
tigated with the change of chromatographic parameters. 
The oven temperature was increased from 35 °C to 36 °C, 
linear velocity from 4.48 mL min-1 to 4.58 mL min-1 and 
injector temperature was decreased from 210 °C to 200 °C.

7 Results and discussion
7.1 Validation
On the column carbon monoxide, methane and carbon 
dioxide are separated, but nitrogen, oxygen and argon are 
co-eluted. The total ion chromatogram is shown in Fig. 3. 
Using selective ion monitoring, the different ions of these 
analytes let us to determine the concentration of these 
components. The chosen fragments overlaid chromato-
gram is shown in Fig. 4. Expecting of the presence of 
hydrogen sulphide and water in the cave air, we used an 
extended temperature program to determine the retention 
time of these compounds as well. The retention times of 
the detected components are shown in Table 2.

The calibration curve for each component was linear in 
the examined range, except nitrogen. We had to dilute the 
sample in helium. Fig. 5. shows the saturated curve and 
the chosen linear range for the measurements. The limit of 
detection and quantitation was calculated from the chro-
matogram. The software calculated signal-to-noise ratios 
for each components in every calibration mix. We calcu-
lated the limit of detection (LOD) and limit of quantita-
tion (LOQ) from the signal-to-noise ratio (LOD and LOQ 
correspond to 3 and 10 times to noise level, respectively). 
The equation of the calibration curves and the LOD and 
LOQ values are in Table 3.

The precision of the instrument for retention times and 
composition were characterized with the relative standard 
deviation (RSD). The method precision was examined in 
the case of parallel measurements of cave air sample. The 
relative standard deviation for each component was less 
than 15 %, so the instrument and the method are precise.

The samples were spiked by known quantities of the 
analytes and the accuracy was characterized with the 
recovery (REC). For nitrogen these results were a bit high, 
but in an acceptable range.

Robustness for each components were determined 
by changing a chromatographic parameter and calculat-
ing the relative standard deviation. The RSD showed the 
effect of each change in parameters for the qualitative 
analysis. The septum of the calibration mixes were pierced 
many times, which caused leakage and in time the RSD 
increased, but it was still in the acceptable interval. When 
we analyse a cave air sample, it only needs 3 injections, 
but in this case the sample was measured 12 times, so in 
case of real samples we do not have significant errors.

The expectations and the results of the validation are 
shown in Table 4.

7.2 Cave air analysis
The validated method was used to determine the composi-
tion of one of the air pockets of the cave system. This small 
chamber is located in the "Seprűs" branch at the northwest-
ern end of the explored passages, above C35 line marking. 
This part of the cave is the closest known point to the János-
hegyi cave, so continuation of the passages is sought actively 
in this direction, making the information gained from the 
gas analysis very important. The results for this measure-
ment are shown in Table 5. The gas content of the chamber 
is significantly different from the surface air composition, so 

Table 1 The composition of the calibration mixtures

Carbon dioxide Oxygen Argon Nitrogen Helium
Vtotal [mL]

V [mL] V/V% [%] V [mL] V/V% [%] V [mL] V/V% [%] V [mL] V/V% [%] V [mL] V/V% [%]

5.5 19.8 1.0 3.6 0.025 0.1 21.3 76.6 - - 27.8

3.5 13.0 2.0 7.4 0.1 0.4 21.3 79.2 - - 26.9

2.0 7.1 4.5 16.0 0.4 1.4 21.3 75.5 - - 28.2

0.6 2.0 7.5 24.8 0.9 3.0 21.3 70.3 - - 30.3

0.2 0.6 10.0 30.3 1.5 4.6 21.3 64.6 - - 33.0

- - - - - - 1.8 7.8 21.3 92.2 23.1

- - - - - - 3.0 12.4 21.3 87.6 24.3

- - - - - - 3.8 15.1 21.3 84.9 25.1

- - - - - - 4.5 17.4 21.3 82.6 25.8

- - - - - - 6.0 22.0 21.3 78.0 27.3
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probably only insignificant ventilation is present towards the 
surface, although the pressure above the water is the same 
as the atmospheric pressure [19]. The carbon dioxide level 
is very high and the oxygen level is very low, so the divers 
cannot use this air pocket as a refuge. The obtained values 
are somewhat surprising, since the divers passing below the 
chamber use a 32 % O2 mix, and the released bubbles should 
elevate the oxygen level in the gas pocket.

To further test the ventilation of the "Seprűs" cham-
ber, the concentration of argon was increased by releas-
ing ~0.5 Nm3 of argon from a 5 l 100 bar cylinder into the 
air space in about 5 minutes through a usual dive cylin-
der valve (~2 mm bore). The high speed of the release and 
additional fanning with fin blades provided for the mixing, 
however the irregular shape of the top of the chamber made 
the perfect mixing impossible. The initial concentration 

Fig. 4 The overlaid chromatogram of the chosen fragments

Fig. 3 The total ion chromatogram of the gas mixture (1 = argon and oxygen, 2 = nitrogen, 3 = carbon monoxide, 4 = methane, 5 = carbon dioxide)
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of the argon gas in the "Seprűs" chamber was measured 
to be ~2 %, that also allowed us to estimate the volume of 
the chamber as 50 m3. This result is somewhat surprising, 
since the visible, lower part of the chamber was only esti-
mated to be about 10 m3. Air samples were taken at grad-
ually increasing intervals in the next months to trace the 
decay of the argon peak. The argon content was compared 
to the daily lab air composition. The relative argon content 
is shown in Fig. 6. The red dot shows the argon concentra-
tion after releasing immediately. The fluctuation shown in 
the case of the samples taken in the first week are probably 
due to imperfect mixing in the gas space. The argon concen-
tration decreased to the original level only after 8 months. 
This let us conclude that the air pocket is connected to other 
chambers only through narrow fissures, allowing the equal-
ization of the concentration only by slow diffusion.

8 Conclusion
We have developed a gas chromatographic method for 
the determination of cave air composition. This method 
combines the selectivity of the mass spectrometer with 
the good separation conditions of the Carboxen type col-
umn and let us to determine the air composition using one 
column and one detector instead of applying two parallel 
columns and/or two different detectors, which are widely 
used for permanent gas analysis.

The results of the validation are sufficient to our expec-
tations. The poor selectivity of the column was compen-
sated with the mass spectrometer detector. The selec-
tive ion monitoring mode insured the selective detection 

Table 2 The retention times and the monitored fragments of the 
possible cave air components

Component Retention time [min] Analysed fragment

Argon 1.945 40

Oxygen 1.957 32

Nitrogen 2.055 28

Carbon monoxide 2.597 28

Methane 4.677 16

Carbon dioxide 6.987 44

Water 10.099 18

Hydrogen sulphide 20.907 34

Table 3 The calibration equations and the LOD and LOQ values of each 
component

Calibration equation LOD [V/V%] LOQ [V/V%]

N2
AN

N

V
V2

2

55202= ×( )% 0.07 0.2

O2
AO

O

V
V2

2

113564= ×( )% 0.004 0.01

Ar AAr
Ar

V
V

= ×( )202071 % 0.001 0.01

CO2
ACO

CO2

V
V

= ×( )223025

2

% 0.004 0.003

Table 4 The results of the validation

Performance characteristics Expectations Results

Calibration R2 ≥ 0.95 R2 ≥ 0.99

LOD LOD < 0.1 % LOD ≤ 0.07 %

LOQ LOQ < 0.5 % LOQ ≤ 0.2 %

Precision 
of the 
instrument

Retention time RSD < 2 % RSD < 0.2 %

Composition RSD < 10 % RSD < 6 %

Precision of the method RSD < 15 % RSD < 3 %

Accuracy/Recovery 75 % < REC < 
125 %

81 % < REC < 
117 %

Robustness RSD < 15 % RSD < 13 %

Table 5 The composition of cave air

O2 content N2 content Ar content CO2 content

Sample 
composition 
[V/V%]

10.1 79.5 0.9 4.5

Fig. 5 The linear range of nitrogen

Fig. 6 The decrease of argon content in the cave (red – date of argon 
emission)
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of the compounds and resulted great sensitivity and low 
LOD and LOQ values. For the nitrogen measurements we 
diluted the sample in helium. The relationship between 
analyte signals and analyte concentration was linear in 
the measured range for all gas components. The accuracy, 
robustness, precision of the method and the apparatus 
were in the acceptance interval.

This method was used for the analysis of the cave air 
samples from the Molnár János cave. The samples were 
taken into PET soda bottles, which make sampling easier. 
The PET soda bottles were tested for leaking. According 
to these measurements these bottles are suitable for gas 
sampling and to be stored for one week before measuring 
without any change in the composition, providing a cheap 
alternative to glass or stainless steel samplers.

We have determined the air composition of a chamber. 
We have measured relative high carbon dioxide content and 
low oxygen concentration, which means, this pocket is not 
useable as a refuge. We have monitored the ventilation one 
of the air pocket of the cave, called "Seprűs". Argon gas was 
released in the chamber in known volume. Due to the argon 
concentration after the releasing, we were able to calculate 

the volume of the air pocket. The decrease of the argon con-
centration to the original level took 8 months. It means, this 
chamber is not completely isolated, it is connected to other 
air pockets – maybe to the other caves of the Buda Thermal 
Karst – through narrow fissures. In the future we would 
continue our measurements, to confirm this possibility.
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