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Abstract

The technique of proton transfer reaction mass spectrometry (PTR-MS) couples a proton transfer reagent, usually H30+, with a
drift tube and mass spectrometer to determine concentrations of volatile organic compounds. Proton transfer reaction-mass
spectrometry (PTR-MS) has successfully been applied to a wide variety of matrices to identify and to investigate on the behavior
of trace compounds; among the possible field of applications we can find: food, air, energy, etc. Natural gas is considered as a
fuel for high energy efficiencies applications such as SOFC generators. The ability to distinguish several isobaric aldehydes,
ketones, isoprenoids and other compounds is impossible using PTR-MS instrument. In the present research work, PTR-ToF-MS
was coupled to a prototype FastGC system allowing for a rapid (90 s) chromatographic separation of the sample headspace prior
to PTR-MS analysis. The system was tested on natural gas trace compounds to individuate the major elements and to identify
possible issues for the SOFC generators. In comparison to the results obtained by direct injection, FastGC provided additional
information, thanks to a less drastic dilution of the sample and due to the chromatographic separation of isomers. This was
achieved without increasing duration and complexity of the analysis.
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1. Introduction

Nowadays, high efficiency and high reliability of the energy generators systems must be achieved to penetrate the
energy market. SOFC systems couple the high and stable efficiency values working even at partial loads, with the
good reliability using as a fuel natural gas or biogenous fuels such as biogas [1,2]. One of the main draw back for
these systems is the suffering against trace compounds [3]. These compounds are contained both in biogenous and
fossil fuels and degrade the SOFC performance reversibly and irreversibly depending on the concentration and
family of the compound considered [3]. The ability to distinguish several isobaric aldehydes, ketones, isoprenoids
and other compounds is impossible using a classical PTR-MS instrument. To identify and to monitor isobaric
compounds, a Time of Flight detector was adopted, while to identify isomers a new prototype developed by Ionicon
was considered. The FastGC prototype allowed for a rapid (90 s) chromatographic separation of the sample
headspace prior to PTR-MS analysis. The system was tested on natural gas trace compounds to individuate the major
elements and to identify possible issues for the SOFC generators. In comparison to the results obtained by direct
injection, FastGC provided additional information, thanks to a less drastic dilution of the sample and due to the
chromatographic separation of isomers. This was achieved without increasing duration and complexity of the
analysis.

2. Experimental and methods

A PTR-ToF-MS instrument was adopted (PTR-ToF 8000, IONICON Analytik, Innsbruck, Austria). This
instrument is already able to provides separation and identification of isobaric compounds through its high mass
resolution in real-time [4,5]. However, isomers, compounds with the same exact mass, cannot be separated. The
built-in FastGC prototype, realized in Ionicon (IONICON Analytik, Innsbruck, Austria) it is now also possible to
separate isomeric compounds in fast spectral runs. In short, in a gas chromatographic (GC) column, compounds are
primarily separated in retention time according to their boiling point and can be further separated according to their
polarity by choosing a polar column [6]. The complete set-up, described in Romano et al., (2014) is reported in
figure 1. A short (3.5 m) nonpolar pure dimethyl polysiloxane GC column (MXT-1, 0.25 mm ID, 0.25 mm df, from
Restek, Bellefonte, PA), a custom made valve block, a flow controller, and a heating controller, is built into the
PTR-ToF-MS and uses the same sample inlet. The column is resistively heated by applying a current, which allows
for fast heating rates (>10 °C/s). The low thermal mass of the heating module also ensures fast cooling rates (from
200 °C to 50°C in less than 20 s). The FastGC mode can be activated when required while not affecting the normal
PTR-ToF operation otherwise. During all measurements the ionization conditions in the drift tube were the
following: 100 °C drift tube temperature, 2.30 mbar drift pressure, 550 V drift voltage. This led to an E/N ratio of
130 Td (1 Td = 10"7 cm® V' s"). The inlet line consisted of a PEEK capillary tube (internal diameter 0.40 mm) heated
at 100 °C. The inlet flow was set at 100 sccm. Analysis took place at an acquisition rate of one spectrum every 900
ms and 90 ms for direct injection and FastGC, respectively. The switch between direct injection and FastGC
measurement modes was carried out by means of the custom made valve block electronically controlled (Fig. 1). The
natural gas samples were collected in Nalophan bags from the gas network (Snam rete gas - San Michele a/A).
Nalophan bags were selected as preferable to Tedlar bags because they gave a cleaner background, as shown by
Beghi and Guillot (2008) [7]. It is noted that for some compounds, such as H2S, Tedlar bags permit better compound
recovery as shown by Hansen et al., (2011) [8]. The injection time was set to 2.5 s. The temperature of the FastGC
column was left at the temperature inside the instrument of 35 °C, which was optimal for the separation of the
investigated highly volatile compounds.
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Figure 1 — Schematic drawing of a PTR-ToF-MS inlet system with a FastGC setup, including the additional components valves 1-4, and
the flow controller (FC N2).

3. Results

Natural gas is a fossil fuel that is gaining an increasingly significant portion of the global energy matrix. This
change is due to the technical and economic benefits provided by the use of this energy source. Natural gas is
cheaper than other sources of fossil fuels and reduces the costs associated with maintenance. As for the
environmental aspects, the use of natural gas as a form of energy brings benefits such as reductions in sulfur dioxide
(S0O2), nitrogen oxides (NOx), particulate matter and carbon dioxide (CO2). The composition of natural gas is not
consistent and varies with location (see Table 1) and gas supplier where different odorants are added.

Table 1 — Natural gas composition.

Composition (%V/\lfgc(;i; il(l)z:ltsural gas in different N nl:::;l: ” N nllz::: " Europe#1  Europe #2 Asia #1
Compound
Methane (%) 95 95 89 67 89
Ethane (%) 3 3 5 0.5 5
Propane (%) 0.4 0.4 2 0.5 35
Butanes (%) 0.1 0.1 0.5 13 2.5
Carbon dioxide (%) 1 1 1 0.5 0
Nitrogen (%) 0.5 0.5 2.5 14.5 0
Oxygen (%) 0 0 0 4 0
DMS (ppmv) 0 2 0 0 6
TBM (ppmv) 3 4 0 0 5
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THT (ppmv) 0 0 8 8 0
COS (ppmv) 0 1 2 2 0
H2S (ppmv) 0 1 0.5 0.5 0
Other Mercaptans (ppmv) 1 0 0.1 0.1 0

The concentration and the elution time of the peaks for the isomers identified in the natural gas are reported in
Fig.2 and Table 2. Peaks for C4HS, C2H60, C7H8, C2H402 and C10H14 are reported in figure 2. The highest ions
extraction rate was identified for C4H8 with the first peak that eluted from the column at 15 s. At 23 s and at 116 s
two other peaks are identified. In this condition at 57.07 g/mol it is possible to identify three isomers that can be
tentatively identified with isobutene, cyclobutane and methylcyclopropane [9].
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Figure 2 — Natural gas isomers identification for some trace compounds: blue) C4HS, pink) C2H60, brown) C7H8, green) C2H402, red)
C10H14.

Mass at 93.07 g/mol (C7HS8) showed two peaks that identify two isomers compounds. The elution time was

recorded at 54 s and 106 s. The possible isomers detected could be toluene, cycloheptatiene, norbornadiene,

6methylfulvene and norbornadiene that are representatives of hydrocarbon and aromatic compounds [9]. At mass

61.03 g/mol organic compound isomers are identified, may be acetic acid, methylformate, ethenediol and others.

Other isomers are reported in table 2, the most important ones for the natural gas content are hydrocarbons and

sulfur compounds.

In detail the main compounds are:

*  Hydrocarbons, mainly C3H4 (probably proyne, allene and cyclopropene that elute at 15 s, 59 s and 104 s),
C5H10 (probably cyclopentane, 2methylbuthene and pentene that elute at 15 s, 64 s and 101 s), C6H6 (probably
benzene, fulvene and cyclohexadiene), C7HS (probably toluene cycloheptatriene that elute at 54 s and 106 s)
and C7H12 (probably norbornane and cycloheptene that elute at 25 s and 106 s);

= Sulfur compounds, mainly C4HSS (probably tetrahydrothiophene and allylmethylsulfide that elute at 48 s and
106 s) and C4H10S (probably tertbuthyl mercaptan and butanethiol that elute at 65s and 106 s).
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Table 2 — Natural gas main isomers identified with PTR-ToF-MS - FastGC.

Time (s) for peaks

. +
Possible isomers detected (Nist[9]) Cﬁl::::llj:l ?g/llgtl){l) ppb(v) identification
1.00 2.00 3.00 4.00
methanol CH40 33.03 3.00 15.00 27.00 39.00 106.00
propyne, allene, cyclopropene C3H4 41.04 961.35 15.00 59.00  104.00
ethanol, dimethyl ether C2H60 47.05 0.01 25.00 116.00
isobutene, 1butene, 2butene, cyclobutane, C4HS 5707 2039 15.00 23.00 116.00
methylcyclopropane ’ : : ’ ’
acetone, propionaldehyde, allyl alcohol, oxetane, propylene
oxide, epoxypropane, methyl vinylether, 2propenol, 1 C3H60 59.05 143.58 46.00 105.00
propenol
acetic acid, methylformate, glycolaldehyde, dioxetane, 12
ethenediol, ethylenediol, 13 dioxetane, 2oxiranol, C2H402 61.03 39.44 68.00 105.00
vinylhydroperoxide, 3methyldioxirane
isoprene, cyclopentene, pentyne transpiperycene, 2pentyne,
L4pentadiene, 11dimethylallene C5HS 69.07 388.43 27.00 63.00 107.00
cyclopentane, 2methylbuthene, 3methylbutene, pentene, C5HI10 7108 81140 15.00 6400  101.00
ethylcyclopropane, 12 dimethylcyclopropane, pentane ’ : : ’ '
‘ 2 butanone, tetrahydrofuran, butyraldehyde, C4HS0 73.06 40,65 5700 120.00
isobutyraldehyde, cyclobutanol, 2metoxypropene,
propionic acid, methyl acetate, ethyl formate,
3hydroxypropanol, lactaldehyde, methoxyacetaldehyde, C3H602 75.04 30.78 50.00 109.00
hydroxyacetone, propenediol, glycidol acetol
benzene, hexadiyne, fulvene, divinylacetylene, benzvalene, C6H6 7905 08893 31.00 107.00
prismane, bicyclopopenyl, cyclohexadiene, phenylium, ’ : : :
cyclohexadiene C6H8 81.07 28.99 64.00 116.00
cyclopentenone, cyclopentenone, 2methylfuran,
3cyclopentenone, 4hpyran, 2pentynone, 4pentynal, 3 C5H60 83.05 0.60 47.00 96.00
methylenecyclobutanone
cyclohexene, cyclohexene, dimethylbutadiene, hexyne,
tbutylacetylene C6H10 83.08 429.58 50.00 111.00
cyclohexane, cyclohexane, tetramethylethylene, hexane,
methylcyclopentane, 4methylpentene, 23dimethylbuthene C6H12 85.10 64643 18.00 115.00
tetrahydrothiophene, allylmethylsulﬁde, cyclobutanethiol, C4HSS 39.04 10006.94 48.00 106.00
butenethiol
tertbuthyl mercaptan, butane_thlol, ehtylsulfide, tert C4H10S 91.05 66.43 65.00 106.00
butanethiol
toluene, cycloheptatriene, norbornadiene, 16heptadiyine, C7HS 93.07 710.40 5400 106.00
quadricyclane, 6methylfulvene ’ : : :
norbornane, cycloheptene, heptyne, 1methylcyclohexene,
methylenecyclohexane, norcarane C7HI2 97.10 639.08 25.00 106.00
xylene, ethylbenzene, oxylene, pxylene, mxylene,
66dimethylfulvene, 1ethynylcyclohexene C8HI0 107.09 15271 60.00 125.00
cyclooctene, allylcyclopentane, octyne, C8H14 111.12 306.50 60.00 121.00
methylstyrene, indane, allylbenzene, 4vinyltoluene, COHI0 119.09 12.79 64.00 85.00  108.00
propenylbenzene : : : ’ ’
pcymene, butylbenzene, durene, diethylbenzene, C10H14 135.12 6.77 44.00 126.00
tetramethylbenzene
monoterpene, apinene, bpinene, limonene, 3carene CI10H16 137.13 7.94 65.00 120.00

4.Conclusions

The main trace compounds detected analyzing natural gas are related to the hydrocarbon family, sulfur
compounds and organic compounds. The highest concentration detected is related to the hydrocarbons followed by
sulfur compounds, with THT. The main isomers detected are still related to the hydrocarbons and sulfur compounds.
Propyne, allene and cyclopropene were tentatively identified at C3H4, while tetrahydrothiophene and
allylmethylsulfide were tentatively identified at C4HS8S.
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