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Abstract

The rate coefficients of the ion—molecule reactions between O,**, H;0O*, and a range of linear saturated hydrocarbons, and between common
hydrocarbon product ions from these reactions and water were determined using a flowing afterglow selected ion flow tube mass spectrometer.
Using these data, the selected ion flow tube-mass spectrometry (SIFT-MS) technique was applied to the real-time measurement of linear saturated
hydrocarbons in dry and moist headspace samples without sample preparation. Using a Voicel00 SIFT-MS instrument the Geochemical VOC
method (GeoVOC) has been assessed against calibrated standards and found to give an experimental RMS precision to within 2% for dry and 6%
for humid hydrocarbon samples in the ppm range. The application of SIFT-MS and development of the GeoVOC method offers a fast convenient

means of assessment of hydrocarbon seeps.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Near-surface hydrocarbon analysis (the detection and anal-
ysis of light hydrocarbon micro-seeps) has traditionally played
an important role in explorations of new petroleum fields [1].
In the past this analysis has primarily relied on the use of
microwave emission or GC-based detection techniques [2,3].
However, both of these detection methods have significant draw-
backs. Microwave spectroscopy is highly unspecific and can
often lead to false positives [4], and as with most GC-based
techniques, long column elution times lead to this being a very
time consuming and therefore expensive method for analysis.

In comparison to microwave and GC-based analyses, selected
ion flow tube-mass spectrometry (SIFT-MS) is a technique
which can specifically analyse and quantify headspace gas in
real time [5-7]. Analyte specificity is enabled by using three
chemical ionisation precursors for analysis (H3O*, NO* and
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0,°*%). Because SIFT-MS does not involve column-based sep-
aration, sample throughput is rapid (approximately 60 samples
per hour) and therefore is a much more cost effective technique.
However, knowledge of the chemical kinetics (rate coefficients
and branching ratios) of each individual analyte’s reaction with
a precursor ion is required.

For acyclic hydrocarbon analysis, O** is the precursor ion
of choice as its ionisation energy is large enough to give electron
transfer to the smaller hydrocarbons. A previous investigation by
this group [8] used helium as a carrier gas and studied a range
of C1—C4 hydrocarbons. With hydrocarbons containing more
than four carbon atoms, the reactions with H3O" need to be
appraised as well as the pseudo-bimolecular rate coefficients for
H30™ clustering with the hydrocarbon analyte when it becomes
fast enough to be measurable [9,10].

‘Geochemical volatile organic compound analysis’
(GeoVOC) is a method for analysing small volatile hydrocar-
bons present in oil and gas seeps. However, the ‘GeoVOC’
method of analysis using SIFT-MS has been hindered by
two important factors. First, the kinetic parameters for the
alkanes have been studied on few occasions with the reagent
ions used in SIFT-MS. Second, the reaction chemistry of the
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product ions formed in these reactions with water has not
been well-studied. A thorough understanding of the chemistry
of SIFT-MS product ions reacting with water is important
due to the high concentrations of water often present in the
reaction region of the flow tube. This article resolves both these
issues in that the reagent ion chemistry has been extended
to cover C1—Cy alkanes, and the secondary reactions of the
product ions of the C;—Cg alkanes with HyO have been inves-
tigated. A rapid, non-selective, in-line sample drying system
has then been employed for quantitation of hydrocarbons
across a range of moist soil samples, and even bore water
samples.

2. Experimental
2.1. Kinetic data collection using FA-SIFT

Two selected ion flow tube instruments were used in this
study. The FA-SIFT instrument at the University of Canterbury
(UoC FA-SIFT) has been described previously [11]. The reac-
tions described in this work were carried out using a reaction
flow tube length of 50 cm, a tube diameter of 7.3 cm, and a total
flow tube pressure of 0.25 Torr of helium and argon carrier gas
at 298 K. The carrier gases are allowed into the flow tube via
two concentric annuli; the inner injecting helium at 40% and
the outer injecting argon at 60% of the total flow. Helium is
used on the inner orifice to create the venturi effect, and ther-
malise ions entering the flow tube, while argon is added to the
flow tube to decrease the zero field mobility of ions in a carrier
gas [12].

The O,°* and H30™ ions were generated in a flowing after-
glow by chemical ionisation from helium, which was in turn
generated in a microwave discharge. The ions formed in the
afterglow were sampled through a 2 mm orifice into a low-
pressure region where they were mass selected by the upstream
quadrupole mass filter. These mass selected ions were introduced
into the SIFT flow tube via the venturi orifice. Rate coefficients
and branching ratios were measured in the usual way by observ-
ing the semi-logarithmic decay of the ion signal with reactant
gas flow [13]. Rate coefficients have an error of +20%.

Reactions of hydrocarbon ions with HyO were performed
where possible, by creating the hydrocarbon ion in the flowing
afterglow and injecting it after mass selection into the flow tube,
or, if the ion was found to break up on injection, creating the ion
in the flow tube by chemical ionisation from O,**. The hydro-
carbon ions were then reacted with H, O/He mixtures of known
composition. HyO/He composition ratios were determined by
the well-understood reaction of Art with HoO [14]. We esti-
mate that the rate coefficients measured using HyO/He mixtures
have an uncertainty of +30% based on the inherent uncer-
tainties of measuring rate coefficients, and the accuracy of the
H,O/He mixtures.

Collision limiting rate coefficients are determined using
the method of Su and Chesnavich [15]. Literature val-
ues of the polarizabilities and the dipole moment of H,O
were taken from the CRC Handbook of Chemistry and
Physics [16].

Downstream chamber
(product ions selected)

Upstream chamber
(precursor ions selected)

Fig. 1. A schematic diagram of the Voice100 SIFT-MS instrument.

2.2. Hydrocarbon quantitation using voicel00 SIFT-MS

The instrument used for the quantitative measurement of
hydrocarbons in moist soil samples, bore water samples and gas
phase bore samples is a commercial Voicel100 SIFT-MS instru-
ment (Syft Technologies, Christchurch, New Zealand), which
has been described previously [17-19], and shall only be dis-
cussed briefly here.

In the Voicel00, shown in Fig. 1, ions are generated by
a microwave discharge acting on and ionising a saturated
air/water mixture at ~0.3 Torr. Reagent ions (H3O0%, NO* and
0,°**) are individually mass selected in the upstream chamber
(at ~1 x 107> Torr) by a quadrupole mass filter, and injected
against the pressure gradient into the flow tube through a venturi
orifice.

Hydrocarbon headspace samples are introduced into the flow
tube at approximately 220 ml atmosphere min~—! at a distance
of 6¢cm from the venturi. Ion/molecule reactions are carried
out in the reaction region, which is approximately 25 cm long,
with a measured ion transit time of 4 ms. Ions are then sampled
through an electrostatic orifice at the end of the flow tube, into
the downstream chamber. On entering the downstream cham-
ber (at <1 x 107 Torr), ions resulting from the ion/molecule
reaction of interest are mass selected by a second quadrupole
mass spectrometer, and detected on a continuous dynode particle
multiplier.

The flow tube is approximately 30 cm long and 5 cm in diam-
eter and is bent through 180°, so as to stack the downstream on
the upstream chamber, and therefore minimise the overall foot-
print of the instrument. Both the upstream and the downstream
chambers are pumped by 5001s~! turbo-molecular pumps, and
flow tube gases are removed by a roots blower (1001s~! at
0.5 Torr). The venturi orifice used on a Voicel00 is a dual inlet
system, where helium is used to create the venturi effect on an
inner annulus, and argon is added through a second annulus on
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the venturi plate which is further from the centre. All experi-
ments were performed with a flow tube pressure of 0.5 Torr, and
a carrier gas mixture of 40% helium to 60% argon.

As mass discrimination functions of both the UoC FA-SIFT
and the Voicel00 are known and well understood, such that a
product ion branching ratio measured on one instrument is easily
transported to another.

Hydrocarbon headspace samples are introduced into the
Voice 100 flow tube through Nafion™ tubing (Perma Pure LLC,
Toms River, NJ, USA) encased in a rapid purge flow of nitrogen.
Nafion™ tubing is a co-polymer of teflon and perfluoro-3,6-
dioxa-4-methyl-7-octene-sulfonic acid, which is unreactive to
non-polar compounds such as hydrocarbons, but reactively dif-
fuses polar water molecules across a concentration gradient. By
flowing dry nitrogen over the outer surface of the Nafion™ tub-
ing, water molecules diffuse across the concentration gradient
from the moist sample into the nitrogen purge flow, while leaving
hydrocarbon concentrations unaltered [20].

2.3. Chemicals

Linear C1—Cy hydrocarbon compounds were obtained from
Sigma-Aldrich (Sydney, Australia), and were purified by freeze-
pump-thaw cycling. Hydrocarbon standards for validation of
the GeoVOC method were obtained from Scott Specialty Gases
(Plumsteadville, PA, USA) and BOC Gases (Auckland, New
Zealand). To simulate the moist headspace of a soil or water
sample, tedlar bags were partially filled with the hydrocarbon
standards and 1 ml of water, then left to equilibrate for 1h at
20°C.

2.4. Current GeoVOC analysis method

Two separate sample types can be presented to a SIFT-MS
for GeoVOC analysis; these are soil samples, and water samples.
The soil technique (GeoVOCy) involves sampling 150-500 g of
soil into a robust canister from at least 2 m below the surface (to
ensure minimisation of any aerobic microbial activity). Upon
their arrival at the laboratory, the samples are incubated at 20 °C
overnight. The lid of each can is then pierced with a punch and
the headspace above the soil samples is introduced into the SIFT-
MS for analysis through the Nafion™ dryer. Soil samples can
also be taken from various depths as a well is being drilled; the
same processing applies to these samples.

The water technique (GeoVOC,,) involves sampling
100-500ml of bore water (from drinking or irrigation water
wells), which generally arises from at least 50 m below the sur-
face, into disposable mineral water bottles (~750 ml). The bore
water is sampled in a controlled fashion so as to not dilute the
hydrocarbons in the sample. As the Henry’s law constant of
small hydrocarbons in water lies substantially toward the small
hydrocarbons being in the gas phase [21], almost all hydrocar-
bons dissolved in the bore water at high pressures below the
surface will move into the gas phase once inside the sampling
vessel. The headspace is then introduced into the SIFT-MS (via
the Nafion™ dryer) by piercing the bottle using a sampling
needle.

Similar analysis can also be applied to neat gas samples taken
directly from an oil/gas well. Due to the high concentrations of
hydrocarbons often found in these types of samples, the sample
flow rate into the Voice100 is reduced to ensure precursor signals
are not substantially reduced.

By observing the empirical composition ratios of small lin-
ear and branched hydrocarbons above oil and gas reservoirs, a
reservoir type can be determined [3].

3. Results and discussion

The reactions that have been investigated in this work are
summarized in Table 1(02'++n-CxHy), Table 2 (H30" +n-
C.H,) and Table 3 (C,H,* + H,0).

A previous investigation of similar nature [8] had difficulty
generating O,°** completely free of the O, ** species. Formation
of the excited ion was postulated to be via Penning ionisation
of metastable helium atoms in the flowing afterglow to give
0,* (a*IT,). This ion will exist in the flow tube, when using
a helium carrier gas, because collisional quenching via helium
is an inefficient process [35]. In previous studies by Ferguson
and co-workers [36-38], Penning ionisation was observed by
studying the reaction of O,* with methane and detecting prod-
uct ions other than CHyOOH?* (m/z 47). However, in the study
presented here, no product ions other than m/z 47 were observed
for the O>** + methane reaction and therefore if the Penning
ionised Ox* (a*IT,) was forming, the ion was short-lived. The
lack of O>* (a*IT,) is attributed to the addition of argon to the
flow tube. Argon is in excess compared to the standard car-
rier gas helium, which will facilitate effective relaxation of the
excited 02+ (a*IT,) to the ground state O, ™ (x*IT,,) as collisional
quenching of O>* (a*IT,) by argon is an efficient process [35].
Therefore, in the Voicel00, any O,* (a*Iy) formed from the
microwave discharge will also be quickly relaxed to O>* (x*IT,)
by collisions with argon atoms and will not affect the chemistry
observed here.

Calculation of enthalpies of reaction assume that the barrier
for isomerisation of ions will always be less than the product
ion’s internal energy, and therefore an ion will exist in its lowest
energy structural isomer, i.e., C4Ho™ will always exist as the
tert-butyl cation. However, due to the nature of SIFT-MS, we are
unable to characterise the neutral products, therefore any neutral
structures claimed are tentative. The enthalpy of formation of
n-CoHpg was determined from a linear extrapolation of smaller
linear hydrocarbons. Proton affinities are given in Tables 2 and 3
where available. The proton affinity of CsHjg is an estimate
based on a similar structure. All thermodynamic data for this
work were obtained from the NIST webbook database [39].

3.1. Reactions of 02°* +n-C,H,

Reactions of methane, ethane, propane and butane with O,**
in the UoC FA-SIFT-MS have been published by this group [8],
and repetition of these reactions is only to illustrate the similarity
between bimolecular reactions occurring in differing carrier gas
compositions. The differences between the current and previous
measurements are within experimental error (20%). The mea-
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Table 1
Reactions of O2** with the given hydrocarbon measured at 298 K, 0.25 Torr, with a carrier gas mixture of 40% helium, 60% argon
Neutral molecule IE (eV)?* Products Branching ratio Rate coefficient?© Previous measurements
CHy 12.61 CH,O0H* +H 1.00 0.006(1.2) 0.0059-¢, 0.052,f 0.063¢
C,Hg 11.52 CoHg* + 0, 0.30 0.97(1.3) 1.19, 1.2
C2H5++(02 +H) 0.55
C2H4++02 +Hj 0.15
C3Hg 10.94 C3Hg* +0, 0.15 1.2(1.4) 1.44.b
C3H7+ + (02 + H) 0.40
C3H(,+ + 02 + Hz 0.05
Csz+ +0s+ (CH3) 0.05
C2H4+ + 02 + (CH4) 0.35
C4Hyo 10.57 C4Hyo* +0, 0.25 1.4(1.5) 1.44,2.0h, 1.5
C4H9+ + (02 + H) 0.05
C3H7* + 0, +(CH3) 0.60
C3H6+ + 02 + (CH4) 0.05
C2H4+ +0s+ (CZHG) 0.05
CsHi» 10.28 CsHipt +0, 0.20 1.5(1.6) 1.6', 0.8
C4H9+ +07 + (CH3) 0.10
C3H7Jr +02 +(C2H5) 0.30
C3H6+ + 02 + (CzHﬁ) 0.40
CeHy4 10.13 CeHys* +02 0.20 1.8(1.7) 199", 1.7
C5H11++02+(CH3) 0.05
C4H9+ +0o+ (C2H5) 0.35
C4H3++02 +(C2H6) 0.25
C3H7+ +0s+ (C3H7) 0.05
C3H6++02+(C3H8) 0.10
C7Hi6 9.93 C7Hi6* + 0o 0.15 1.7(1.8)
C5H11++02+(C2H5) 0.30
C5H10++02+(C2H5) 0.15
C4H9+ + 02 + (C3H7) 0.15
C4Hg++02 +(C3Hg) 0.15
C3H7+ + 02 + (C4H9) 0.05
C3Hg"™ + 0, +(C4Hyp) 0.05
CgHig 9.80 CgHig*+ 0, 0.15 1.9(1.9) 1.8%
CeHi3t + 07 +(CyHs) 0.30
C6H12++02+(C2H6) 0.10
C5H|1++02+(C3H7) 0.15
C5H10++02+(C3H3) 0.10
C4H9+ + 02 + (C4H9) 0.10
C4H3++Oz+(C4H10) 0.10
CoHyg 9.71 CoHpot + 02 0.05 2.1 (2.0)
C7H15++Oz+(C2H5) 0.10
C7Hi4% + 05 +(CyHpg) 0.05
C6H13++02+(C3H7) 0.20
C6H|2++02+(C3H3) 0.05
C5H11++02+(C4H9) 0.10
C5H|0++02+(C4H|0) 0.10
C4H9Jr + 02 + (C5H1 1) 0.25
C4H3++02+(C5H12) 0.10

2 Tonisation energies are sourced from the NIST webbook database [22].
b The rate coefficient is listed in units of 10~ cm? molecule ™! s~1.

¢ The calculated collision rate (in units of 10~ cm?® molecule™! s~!) is shown in parenthesis.
4 Ref. [8].

¢ Ref. [23].

f Ref [24].

& Ref. [25].

R Ref. [26].

i Ref. [10].

J Ref. [27].

k Ref. [28].
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Table 2

Reactions of H3O" with the given hydrocarbon measured at 298 K, 0.25 Torr with a carrier gas mixture of 40% helium and 60% argon

G.J. Francis et al. / International Journal of Mass Spectrometry 268 (2007) 38—46

Neutral molecule

PA (kJ mol~1)2

Products

Branching ratio

Rate coefficient?-

Previous measurements

CHy
CyHg
C3Hg
C4Hjo
CsHy2
CeHia
C7Hi6
CsHig

543.5
596.3
625.7

No reaction
No reaction
No reaction
No reaction
Adduct
Adduct
Adduct
Adduct

1.00
1.00
1.00
1.00

0.15(1.9)
0.19 (2.0)
0.40 (2.2)
0.50 (2.3)

No reaction?
No reactiond
No reactiond-®
0.003%¢, n.r.f

<0.1f, 0.03¢
0.268
0.9f, 0.58¢

4 Proton affinities are sourced from the NIST webbook database [22].
b The rate coefficient is listed in units of 10~ cm? molecule ™! s~1.

¢ The calculated collision rate (in units of 10~ cm? molecule™! s~!) is shown in parenthesis.

d Ref. [8].

e Ref. [29].
f Ref. [10].
£ Ref. [30].

sured rate for O,°** + CHy is observed to be 20% faster than the
previous measurement on this instrument, which is attributed to
the presence of argon in the flow tube, as the reaction is known
to be termolecular, and therefore dependant on carrier gas [36].

New minor exothermic product channels have been observed
for the reaction of O,** + propane and butane, however these
may be due to impurities in the analyte sample.

The reactions of the larger hydrocarbons, which have not
been previously measured on the UoC FA-SIFT are observed

Table 3

with rapid electron transfer and dissociative electron transfer
being the major product channels.

Pentane is observed to react in a similar fashion to the pre-
vious study by Smith and Spanel [10]. A small product channel
attributed to C4Hg™ (<5%) was also observed, however difficulty
arose in determining whether this ion was primary, secondary
or due to an impurity. Formation of C4Hg" is postulated to be
a very exothermic process (shown as Eq. (1)) and the obser-
vation of this ion is attributed to the addition of argon to

Reactions of the given ion with HyO measured at 298 K, 0.5 Torr with a carrier gas mixture of 40% helium and 60% argon

Ton PA (conj. base) (kJ mol~1)? Products Branching ratio Rate coefficient®¢ Previous measurements
CH,O0OH* Adduct 1.00 0.02 (2.5) 0.0214
CoHy* 755.2 Adduct 1.00 0.025 (2.7) No reaction®
CoHs* 680.5 H30" +CoHy 1.00 2.52.7) 1.86f, 6.0g_
C,Hg* 616 H;0" + C,H; 1.00 2.22.7) 2.95¢, 1.2
CsHe*t 736 Adduct 1.00 0.05 (2.5)

C3H;* 751.6 Adduct 1.00 0.007 (2.5)

CsHg* 671.4 H;0" +C3Hy 1.00 2.3 (2.5) 1.41

C4Hg* 785 No reaction

C4Ho* 802 No reaction

C4Hjo* Adduct 1.00 0.04 (2.4) 0.041-0.044h
CsHjo* No reaction

CsHi " (808) No reaction

CsHppt Adduct 1.00 0.05 (2.4)

CeHpp* Adduct 1.00 0.004 (2.3)

CgHjst 813.9 Adduct 1.00 0.004 (2.3)

CeHigt Adduct 1.00 0.004 (2.3) 0.0015-0.0056"
C7H 4™ No reaction

C7Hp6* No reaction

CgHy6* No reaction

CgHy7* No reaction

CgHg* Adduct 1.00 0.002 (2.3)

@ Proton affinities are sourced from the NIST webbook database [22].
b The rate coefficient is listed in units of 10~ cm? molecule ™! s~ 1.

¢ The calculated collision rate (in units of 10~ cm3 molecule~! s~!) is shown in parenthesis.

d Ref. [23].
e Ref. [31].
f Ref. [14].
g Ref. [32].
b Ref. [33).
I Ref. [34].
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the carrier gas, leading to faster thermalisation of high energy
products.

02'+ +CsHip — C4Hg+ +0,+CHy (< 0.05
AH® = —226kJ mol™! (1)

Again for hexane, results are similar to previous investiga-
tions by Smith and Spanel [10], however in this study individual
ion branching ratios are included. The observed rate coefficient
for O** reacting with hexane is slightly faster than collision
rate, but within the £20% experimental error.

No previous measurement of the chemistry of heptane or
nonane with O,** was found in the literature. Both reactions
proceeded as expected, with a reaction efficiency approaching
unity and with the observation of common product ions.

The commonly observed product ions from the O2** + C7Hj¢
and CoHjg reactions at m/z 71, m/z 57 and m/z 43 are
assumed to be the thermodynamically stable 2-methylbutyl
(CsHyi* AH; = 661kImol™!), tert-butyl (CqHo* AH; =
693kImol~1), and iso-propyl (C3H7* AH; = 798 kJmol )
cations, respectively. Because SIFT-MS requires product ions
explicitly from a single analyte in order to monitor that analyte,
common product ions are hindrances to using SIFT-MS as a
detection method for hydrocarbons.

3.2. Reactions of H30" + n-CH,

Table 2 displays bimolecular rate coefficients for the associ-
ation reactions of H3O* with linear hydrocarbons at the given
conditions. Even though the proton affinities of only methane,
ethane and propane are known, it is assumed that all linear hydro-
carbons measured in this study have a proton affinity less than
691 kJmol~! (the proton affinity of water); above this amount,
exothermic proton transfer is expected.

Pseudo-bimolecular rate coefficients were fast enough to be
measurable for n-CsHj,, n-CgHj4, n-C7H ;6 and n-CgHg. How-
ever, when H3O" was reacted with the smaller hydrocarbons the
H30" intensity was observed to increase, probably due to the
analyte in the flow tube at the concentrations required for kinetic
measurements, altering the diffusion characteristics of the H;O*
ion.
As noted by Smith and Spanel [10], where an adduct ion
was found to form from the reaction of H30" + M, the result-
ing H30™. M was found to rapidly cluster with a second water
molecule in the presence of water vapour.

3.3. Reactions of n-CxH,* + H;O

Because samples introduced into the SIFT-MS instruments
are generally whole air samples, or headspaces above volatile
compounds, water is generally the major reactive analyte present
(0.5-6%).To be useful for SIFT-MS analysis any ion present
that will react with water must form new ions which can be
detected explicitly, i.e., not reform H3O*. When the concentra-
tion of water is high, any product ion formed, for which the
proton affinity of the conjugate base is less than the proton affin-
ity of water (691 kJ mol~!) will not be seen, or will at least be

substantially reduced, as it will proton transfer to water in the
flow tube.

Tons observed to proton transfer to water are given in Egs.
(2)—(4), and these reactions were observed to occur with a reac-
tion efficiency at or very near unity.

CoHs™ +H,0 — H30" +CoHs  (1.00)
AH® = —11kJmol™! )
CoHe™ +H20 — H30" +CoHs  (1.00)
AH®° = —75kJmol~! 3)
C3Hgt +H,0 — H30T +C3H;  (1.00)
AH®° = —20kJmol~! 4)

Reactions (2)—(4) are aided by the very thermodynamically
stable neutral species which are formed during the reaction and
that provide exoergic pathways.

3.4. Other important secondary chemistry

Even though water is the major reactive analyte in most SIFT-
MS samples, secondary chemistry of other analytes may also
play animportantrole in elucidating the concentrations of hydro-
carbons in soil headspace. From the literature it is known that
C,Hy™* will react rapidly with small hydrocarbons to produce
C3H;* [40]. This will skew the observed product branching
ratios in the favour of C3H7*, a product observed from most
reactions of Oy** with the linear hydrocarbons studied. How-
ever, because hydrocarbon concentrations are usually in the low
to mid parts-per-million by volume (ppmv) concentration range
for a standard GeoVOC sample, the number density of analyte
in the flow tube is low enough to have minimal effect on the rel-
ative ratios of primary product ions. This secondary chemistry
is currently not taken into account in the GeoVOC method, as
the outcomes are deemed to have an immeasurably small effect
(less than 0.5% alteration of product branching ratios).

4. GeoVOC validation and examples

Because of the sensitivity of the GeoVOC method to water,
humid hydrocarbon-rich headspace samples must be dried to
a constant low humidity so as to not alter the observable con-
centration. Nafion tubing encased in a nitrogen purge flow (as
described in the Section 2) has been found to be an effective
system for drying whole air samples from completely saturated
(~6% water) to low water concentrations (>0.4%). Fig. 2 shows
the effect of a Nafion dryer on the intensity of hydronium ion
water clusters observed in a SIFT-MS selected ion monitoring
spectrum. The relative intensities of the hydronium ion water
clusters detected are indicative of the total water concentration
entering the flow tube [41].

4.1. GeoVOC method

The concentrations of butane, pentane, hexane, heptane,
octane and nonane are determined by measuring the ratio of
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Raw Sample — No Nafion Dryer Sample Passed Through Nafion
Dryer

= H;0*

e Hi0" H:0
assss H;0"2H0
..... H;0" 3H;0

1.
0.91
0.8
0.7
0.6
0.54
| ERRRP— :
0.3 j
0.2,
0.1

Equilibration Time

Relative lon Intensity

0 ___ .. =
0 5 10 15 20 25 30 35 40 45 50 55 60

Time/seconds

Fig. 2. Drying efficiency of a Nafion dryer system incorporated into a SIFT-MS.
Humid air is passed into the SIFT-MS without and with a Nafion dryer, with a
short equilibration time between the two.

the molecular product ion (C4Ho*, CsH 2", CeHys™, C7Hi6*,
CgHig* and CyHyo*, respectively) divided by its branching
ratio with O,**. Propane can also be determined in a similar
way, by the ratio of C3Hg* divided by its branching ratio with
O,°**. Because the concentration of water entering the flow tube
is very low (<0.4%) the C3Hg* concentration is not substan-
tially perturbed by reactions with H>O. Ethane concentrations
are measured by monitoring the ratio of C;Hy™ and O,°*, and
allowing for the 35% channel to C;Hy™* from the O,**/propane
reaction plus the 5% channel of the O, **/butane reaction. Finally
methane concentrations are determined by the ratio of m/z 47
(CH,OO0H™) with O,**, which incurs substantially more uncer-
tainty due to the very slow reaction rate.

Subtractions are made for isotope overlap from large common
ions; e.g., the carbon 13 peak of C3H7* at m/z 44 which overlaps
with C3Hg*.

Branched hydrocarbons can also be added to the GeoVOC
method by monitoring the NO* reagent ion and the hydride
abstraction product ion for each branched hydrocarbon as NO*
is known not to react at an appreciable rate with the n-alkanes
[14]. Tsobutane, isopentane and isohexane reactions with NO*
from the literature are given in reactions (5)—(7) [15,30,42]. The
effects of each branched hydrocarbon reacting with O,** must
then be subtracted when attempting to determine the respective
linear hydrocarbon concentration. Literature values of the reac-
tion rate coefficient for some reactions of O** reacting with
branched hydrocarbons are known [10], where the values are
unknown, calibration to a known standard is required.

NO* 4+i-C4Hjp — Cs4Hot+NOH (1.00)

k= 0.9 x 10~2 cm>® molecule ' s~/

AH® = —39kJmol ™! 5)
NOT +i-CsHj; — CsH;; ™ +NOH (1.00)

k= 1.4x 10~ cm® molecule ! s7!

AH® = —36kJmol~! (6)
NOt + i-C¢Hiqy — C6H13+ +NOH (1.00)

k= 1.2 x 10~ ¢cm?® molecule ™! s~! 7)

4.2. Comparison to standards

Three standard mixtures in nitrogen have been used for vali-
dating the GeoVOC method in both dry and wet environments.
These are a 15 ppmv standard mixture in nitrogen supplied by
Scott Specialty Gases, an ‘Iso’ standard mixture of isobutane,
isopentanes and isohexanes also supplied by Scott Specialty
Gases and a “50 ppmv” mixture of CHs, CoHg, C3Hg and n-
C4Hj supplied by BOC. The Scott Specialty gas standards have
a stated uncertainty of +10% and the BOC mixture does not list
their uncertainty. Table 4 gives the expected concentration (from
supplier) and the empirical concentration as determined by the
GeoVOC method on a standard VoicelOO instrument using a
Nafion dryer system. Fig. 3 then shows the measurement of
the 15 ppmv C1—Cg standard with and without the Nafion dryer
system.

The concentrations measured by the Voicel00 using the
GeoVOC method for all standards shown in Table 4 lie within
£30% of the concentration quoted by the suppliers. This error
also includes the inherent inaccuracy of the quoted concentra-
tion (generally between +10% and £20%). The RMS value
of the wet samples is greater than that of the dry samples,
however it is still small at only 5.9%. The largest deviations
from the expected concentrations are found for methane and the
branched hydrocarbons. Methane is expected to have the largest
uncertainty due to the very slow reaction rate with O,°**. The
‘Iso’ standard generally reports concentrations lower than the
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Fig.3. Example of Nafion drying efficiency in GeoVOC method. Chart (a) shows
a wet ‘15 ppmv’ standard mixture of hydrocarbons on a Voicel00 without an
in-line Nafion dryer system; chart (b) shows the same wet ‘15 PPM’ standard

on a Voicel00 with a Nafion dryer system. In both spectra the ambient air is
sampled for the first 15 s to determine a constant background.
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Table 4

Reactions of H30" with the given hydrocarbon

Standard? Hydrocarbon Quoted conc. (ppmv) V100 Dry® (ppmv) Error% V100 Wet® (ppmv) Error%

15 ppmv Methane 15 15.3 +2.6 14.1 —6.2
Ethane 15 15.8 +5.1 15.2 +1.4
Propane 15 14.7 -1.9 14.3 —4.8
n-Butane 15 14.9 —04 14.8 -1.2
n-Pentane 15 15.6 +4.3 16.0 +6.5
n-Hexane 15 15.3 +2.2 15.5 +3.2

50 ppmv Methane 50 41.8 —16.4 37.0 —26.0
Ethane 50 52.8 +5.6 522 +4.4
Propane 50 41.6 —16.8 41.6 —16.8
n-Butane 50 55.1 +10.2 60.7 +21.4

Iso¢ Isobutane 15.6 154 —-1.1 16.5 +5.8
Isopentane(s) 30.6 27.3 —10.9 29.5 —3.6
Isohexane(s) 454 38.8 —14.5 41.2 -94

Mixtured Methane 7.5 9.6 +28.6 8.0 +6.2
Ethane 7.5 6.8 —-9.3 6.2 —17.8
Propane 7.5 9.2 +22.9 8.7 +16.4
n-Butane 7.5 6.9 -1.7 6.3 —16.2
n-Pentane 7.5 7.9 +5.3 6.9 —-8.0
n-Hexane 7.5 7.9 +4.9 7.2 —4.0
Isobutane 7.8 6.8 —12.7 6.5 —17.1
Isopentane(s) 153 11.7 —-235 11.2 —26.6
Isohexane(s) 22.7 16.6 —26.7 16.1 —29.1

RMS 2.0 5.8

4 Both the ‘15 ppmv’ and ‘Iso’ (Scott Specialty Gases) have an analytical uncertainty of +/— 10% on the quoted concentration. The ‘50 ppmv’ standard (BOC)

does not have a listed analytical uncertainty.

® V100 dry and V100 wet refer to measurements made on a Voice 100 using dry or wet standards, respectively. Both wet and dry measurements are made using the

Nafion drying tube.

¢ The ‘Iso’ standard contains mixtures of isopentanes and isohexanes which are individually not currently able to be resolved by SIFT-MS.
d “Mixture’ refers to a 1:1 mixture of the ‘15 ppmv’ standard and the “Iso’ standard, and therefore is expected to have an analytical uncertainty of at least +/— 20%

attributed to the dilution process.

expected value for both the dry and wet samples. This under
reporting is possibly attributed to the Nafion tubing interacting
with the very slightly polar branched hydrocarbons and affecting
the transmitted concentration.

5. Conclusions

SIFT-MS using the GeoVOC method is a robust method for
the analysis of hydrocarbons from oil and gas seeps across the
range of humidities commonly found in soil and water samples.
The integration of a Nafion dryer into the Voice100’s inlet system
allows samples to be dried to a low humidity, which reduces the
effect of water secondary chemistry enough for it to be ignored.
Because the SIFT-MS technique is very rapid with a throughput
of 60 samples per hour, without introducing automated sam-
pling procedures, the SIFT-MS GeoVOC method is a highly
cost effective method for oil and gas exploration. Automation
would speed up the process even further.
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