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Abstract

As the sources of natural gas become more diverse, the trace constituents of the C6+ fraction are of 

increasing interest. Analysis of fuel gas (including natural gas) for compounds with more than 6 

carbon atoms (the C6+ fraction) has historically been complex and expensive. Hence, this is a 

procedure that is used most often in troubleshooting rather than for day-to-day operations. The 

C6+ fraction affects gas quality issues and safety considerations such as anomalies associated with 

odorization. Recent advances in dynamic headspace vapor collection can be applied to this 

analysis and provide a faster, less complex alternative for compositional determination of the C6+ 

fraction of natural gas. Porous layer open tubular capillaries maintained at low temperatures 

(PLOT-cryo) form the basis of a dynamic headspace sampling method that was developed at NIST 

initially for explosives in 2009. This method has been recently advanced by the combining of 

multiple PLOT capillary traps into one “bundle,” or wafer, resulting in a device that allows the 

rapid trapping of relatively large amounts of analyte. In this study, natural gas analytes were 

collected by flowing natural gas from the laboratory (gas out of the wall) or a prepared surrogate 

gas flowing through a chilled wafer. The analytes were then removed from the PLOT-cryo wafer 

by thermal desorption and subsequent flushing of the wafer with helium. Gas chromatography 

(GC) with mass spectrometry (MS) was then used to identify the analytes.
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Introduction

Natural gas is a complex mixture of organic and inorganic constituents. While 

predominately methane, natural gas also contains heavier hydrocarbons (constituents with 

higher carbon numbers), inert diluents, and other impurities whose concentrations and types 

vary considerably with geographical source, time of year, and treatments applied during 

production and transportation.1, 2 Additionally, an increasing number of unconventional 
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(shale gas, coal seam gas, deep-water gas, ultradeep-water gas deposits, hydraulic fracturing 

gas, etc.) and bio-derived (landfill gas, digester gas, etc.) feedstocks add variability to the 

number and types of trace species in natural gas. Composition can influence many properties 

of natural gas, including its density, dew point, ignition properties, pollution profile, and 

odor properties.1, 3, 4 Detailed knowledge of the composition of natural gas is critical to 

ensuring quality and safety, as well as profitability.

The detailed composition of natural gas can affect the ability to odorize the final product. In 

order to provide for safe delivery and use, odorant (typically a mixture of sulfur compounds) 

is added to natural gas to enable detection (without instrumentation) by a person with a 

normal sense of smell at a concentration of one-fifth of the lower explosive limit in air. 

While natural gas odorization is a well-understood, mature technology that is usually trouble 

free in operation, odor fade and odor masking are problems that pose significant liability. 

Occasionally, the natural gas industry encounters periods in which previously odorized 

natural gas has no perceptible odor.5–10 Masking is suspected when the odorant that is added 

to natural gas can be detected by analytical instrumentation, but cannot be properly detected 

by an observer with a normal sense of smell. Note that this phenomenon is distinct from 

odor fade, which more properly describes a decrease in the concentration of an odorant 

(usually because of absorption, adsorption or a chemical reaction of the odorant) rather than 

a decrease, disappearance or qualitative change in the perception of the odor without a 

change in absolute concentration. Anecdotal descriptions of masking events in the natural 

gas industry have persisted for over a decade, with the frequency of such events on the 

rise.5, 6 These events make the detailed analysis of natural gas composition (especially the 

trace constituents) even more critical.

Detailed fuel gas compositional information (needed for determining phase equilibrium 

behavior, thermophysical properties, compliance with gas quality and safety-engineering 

specifications, and for assessing interchangeability) has traditionally been obtained by gas 

chromatography.3 In spite of the need for this information, gas chromatographic analysis of 

the C6+ fraction constituents of natural gas has been technically complex and expensive.3 

Currently, the majority of natural gas producers, processors, pipeline companies, and 

distributors use basic GC analytical procedures that have been standardized in methods such 

as ASTM D-1945 or ASTM D783311 for custody transfer, heating value determination and 

quick analysis of composition.12 While significantly more complex, some local distribution 

companies (LDC) have the capability to carry out the “extended natural gas analysis” (or 

engage the services of a contract lab) and identify and quantitate components such as those 

listed in Table 1 (through methods similar to ASTM D1945). The extended natural gas 

analysis is a much more extensive analyses than ASTM D-1945, which concentrates only on 

the 16 most abundant components (Table 2), and this analysis is usually only used for 

problem solving and not for routine analysis.3 Beyond the basic procedures and the extended 

analysis are detailed hydrocarbon analyses that separate the C6, C7 C8, etc. components, 

resulting in a more comprehensive analysis used for dew point determination and 

troubleshooting.

Although the extended natural gas analysis is practiced throughout segments of the gas 

industry, the method is difficult since each analysis must be tailored to the specific 
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chromatographic retention properties of the compounds that are unique to the C6+ fraction 

of each individual gas sample.3 Twenty years ago, NIST developed a database of physical 

properties (needed for separations design) for known C6+ fraction constituents that was used 

to facilitate the design of more efficient and universally applicable gas chromatographic 

analysis procedures on a variety of stationary phases.3 This database compiled and critically 

reviewed physical properties data for 132 hydrocarbons compounds identified as being 

native constituents of natural gas, 21 gas treatment compounds, and 23 gas odorant 

compounds. The treatment and odorant compounds that were addressed in the database were 

not simply the commercially used mixtures, but also their expected reaction and degradation 

products that might be found downstream. Later, a computer program based on this database 

was released (consisting of a hydrocarbon edition and a sulfur compound edition) that 

facilitated automated chromatographic peak identification on the basis of retention indices.13 

This database and computer program have been extremely helpful to the industry; however, 

with an ever-increasing number of natural and fuel gas feed stocks, this database will need to 

be significantly revised and expanded in the future to fully cover the types and number of 

emerging compounds in the C6+ fraction of natural gas. Moreover, this expansion must be 

an ongoing effort, considering the increasing feed stock variability discussed earlier. Of 

course, the expansion of this compilation cannot occur in a vacuum; it must be accompanied 

by enhanced analytical methods, especially methods geared to the identification of trace 

constituents.

The literature contains many studies and reports on the composition of natural gas,14–42 but 

relatively few have concentrated in detail on the C6+ fraction.43–50 While there are some 

studies dealing with the effects of C6+ fraction on gas performance,1, 4 the large majority of 

analysis methods that are used on a daily basis deal with the most abundant C1-C6 

components.3

In order to meet the demand for critical information about the C6+ fraction of natural gas, 

with specific interest in the prediction of odorization anomalies such as masking events, we 

introduce the application of PLOT-cryoadsorption (sampling by use of short, 0.5 m to 3 m, 

porous layer open tubular (PLOT) capillaries maintained at low temperatures). PLOT-

cryoadsorption (or PLOT-cryo) is a dynamic headspace sampling method developed at NIST 

in 2009,51 initially for the study of the vapor signature above explosives.52 This approach 

has proven to be sensitive and quantitative, with a sampling limit of detection below 1 ppb 

(mass/mass) of solute in the analyte matrix. Moreover, it provides results that are of low 

enough uncertainty to permit thermodynamic interpretation (by way of the equilibrium 

constant and associated enthalpy) of recovered concentrations through the van’t Hoff 

equation. The method has other important advantages in addition to sensitivity. The low 

temperature that is used to improve efficiency and facilitate collection is usually generated 

with a vortex tube.53, 54 This aspect makes the approach attractive for environments with 

explosive or flammable materials.55 The same vortex tube that is used to generate the low-

temperature air stream (which can be as low as − 40 °C) can be used to generate a high-

temperature stream of air (which can be as high as 160 °C) to thermally desorb solutes from 

the PLOT capillary (or to assist with solvent desorption by use of more gentle heating).
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The PLOT capillaries are robust and inexpensive, and unlike other headspace collection 

methods, PLOT-cryo is especially applicable for relatively involatile solutes because it has a 

large temperature operability range. Moreover, a particularly attractive feature of PLOT-cryo 

is the ability to simultaneously sample headspace with multiple, different sorbent phases 

(selected for their specific functionalities), including the clay and organoclay phases 

developed that are especially suited for aromatic compounds.56 In the past as many as eight 

separate phases have been used, simultaneously, to collect vapor from a single sample. 

Alternatively, the approach allows sampling with multiple PLOT capillaries of the same 

phase, for repeatability and quality assurance. These features have been successful with 

applications to explosives, pyrolysis products, food safety, cadaver detection, fire debris 

analysis, and a field portable unit was recently described.52, 57–62

In this paper, we describe an application of the advanced PLOT-cryo method, which 

combines multiple PLOT capillary traps into one “wafer,” and then builds the bundle into a 

polymeric wafer for stability. This method has been described in detail previously.59 The 

wafer itself was directly connected to the natural gas sample flow. This multi PLOT-cryo 

technique allows for the rapid trapping of relatively large quantities of a light and medium 

volatile analyte. In this study, natural gas analytes were collected by flowing commercial 

product or surrogate gas (from a cylinder) through a chilled wafer. The analytes were 

subsequently eluted from the wafer by thermal desorption and flushing the wafer with 

nitrogen or helium. The eluted analytes were then analyzed by gas chromatography-mass 

spectroscopy (GC-MS).

Materials and Methods

Two natural gas samples were chosen for the initial studies. First, we sampled a prepared 

natural gas surrogate from a cylinder. This gas surrogate was prepared to be representative of 

natural gas from Statoil ASA, a Norwegian multinational oil and gas company. The sample 

was prepared for a 1987 round-robin study of natural gas properties for custody transfer 

modeling, thus, the gravimetric preparation process was carefully performed. A 25 kg two-

pan beam balance with a readability of 1 mg was used, with buoyancy correction, to arrive at 

a composition with mol % uncertainty of 0.0005. Despite the care taken with the 

preparation, it is acknowledged that the sample was nearly 30 years old at the time of this 

work. It had been stored in a sheltered, outdoor chemical and gas storage facility. Thus, the 

composition may be somewhat less certain than a freshly prepared gas surrogate but it was 

deemed a reliable approximation.

Second, we sampled the natural gas supplied to the laboratory (gas out of the wall). The gas 

is the commercial product supplied to the front range of Colorado, and is sourced from 

natural gas deposits, associated gas, coal seam gas and shale gas. This gas was transferred 

from a lab cock retrofitted with a compression fitting and a pressure of approximately 0.5 

psi, as will be discussed in more detail below.

Detailed information on the development of multi PLOT-cryo instrumentation and 

associated applications can be found in previous papers;59, 63 hence, only a brief description 

will be provided here. Bundles of six individual capillaries (made from alumina (a highly 
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retentive, polar adsorbent) porous layer open tubular column with a 0.32 mm inside 

diameter) were embedded in epoxy to form a wafer equipped with compression fittings 

(Figure 1). In order to condition the multi PLOT capillary wafer for the run, it was again 

placed in a surplus GC oven with a gentle flow of nitrogen (with a purity greater than 

99.99%) and allowed to remain there at 90 °C for one hour. After conditioning, one end of 

the multi PLOT capillary bundle was fitted to either a natural gas line or cylinder containing 

natural gas surrogate by use of 0.3175 cm (0.125 in) Teflon tubing, and the other end of the 

bundle was fitted with a 400 series stainless steel syringe needle (28 gauge). The multi 

PLOT capillary wafer was placed inside of a dry ice/ethanol bath (with the end of the needle 

outside of the bath) and allowed to equilibrate for five minutes. The operating temperature of 

the wafer was approximately − 72 °C during collection,64 which is significantly colder than 

the temperature usually used for PLOT-cryo.

After the five-minute thermal equilibration time, natural gas (or the natural gas surrogate 

mixture) was passed through the capillaries of the wafer at flow rates between (7 to 20) 

mL/min ± 1 mL/min. A range of collection times, which varied from one minute to one hour 

were examined. Short collection times are important for on-the-spot analyses in the field. 

Longer collection times are important to simulate the potential of a PLOT-cryo wafer being 

placed on a natural gas line as a fixture for constant, QA/QC sampling. After collection, the 

multi-PLOT wafer was then removed from the cooling bath, disconnected from the sample 

line, and placed, uncapped, into a surplus GC oven where it was slowly brought to 110 °C 

and held for 10 minutes for thermal desorption. Leakage of desorbed solute outside of the 

PLOT wafer was likely minimal because of the relatively long diffusion length provided by 

the fittings and transfer lines. At the end of the desorption time, the wafer was immediately 

brought to the GC-MS where the needle pierced the septum, extending downward into the 

GC-MS injection port. 10 mL of He was passed through the bundle (delivered with a gas-

tight syringe) and a subambient temperature GC method (discussed below) was used to 

identify the analytes.53 This sweep into the GC injector required approximately 2 s.

Results and Discussion

We first analyzed the natural gas surrogate using the multi PLOT-cryo method. The gas 

surrogate was passed through the wafer at a flow rate of 7 mL/min for 3 minutes and then 

thermally desorbed by use of the method described above. Low flow rates and collection 

times were used for these experiments in order to ensure analyte concentrations were within 

the working range of the GC-MS. The composition of analytes thermally desorbed from the 

bundle was investigated using a subambient temperature GC method. This method has been 

described previously and involves the use of vortex cooling to maintain the GC-MS at 

working temperatures below 0 °C.53, 54 In this study, the GC-MS was maintained at 

approximately (−15 ± 2) °C. Two columns were used to separate the analytes of the gas 

surrogate during independent separations. A packed porous polymer PLOT column was used 

to separate the methane and ethane (30 m capillary column packed with porous 

divinylbenzene homopolymer having a thickness of 320 μm, the column temperature was 

held at −15 °C for 15 minutes), and a 5 % phenyl-95 %-dimethyl polysiloxane (30 m 

capillary column having a thickness of 1.0 mm, the column temperature was held at −15 °C 

for 15 minutes) was used to separate propane and the heavier analytes in a second analysis. 
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Both analyses used MS detection in scan mode and samples were injected directly from the 

bundle using a syringe into a split/splitless injector set with a 100:1 split ratio (this is a 

higher split ratio than used below with the natural gas in order to avoid overloading the 

detector). The inlet temperature was operated at ambient temperature with a constant head 

pressure of 41.4 kPa (6 psig). Mass spectra were collected for each peak from 15 to 550 

relative molecular mass (RMM) units. Peaks were identified with guidance from the 

NIST/EPA/NIH Mass Spectral Database, and also on the basis of retention indices.64 All 

known components of the surrogate were easily captured and subsequently separated by this 

method (Figure 2). Quantitation requires calibration for each analyte; however, the 

integration of raw peak areas revealed analytes in approximately the correct ratios when 

compared with known composition of the natural gas surrogate. In future work, appropriate 

calibration procedures will be applied for quantitation (indeed, by use of gravimetric 

surrogate mixtures for the calibration), but for this initial report in which the sampling 

metrology is introduced, an approximate comparison is adequate. Previously, it was shown 

that PLOT-cryo could be used to detect and quantitate TNT in vapor above a substrate with 

0.064 μg/g TNT (with a repeatability of 10%) on a glass bead matrix; similar repeatability is 

expected at this concentration level with multi PLOT-cryo with sensitivity commensurate 

with MS detection.52 Additionally, detection of water was observed in the sample, which is 

likely the result of storage conditions of the natural gas surrogate.

In addition to the gas surrogate, we analyzed natural gas supplied to the laboratory (gas out 

of the wall) sampled by use of the PLOT-cryo wafer method. It was noted that one typically 

employs a porous polymer PLOT column for the chromatographic analysis of natural gas 

samples. This is because it is usually desirable to separate the methane and ethane fractions 

from the remainder of the constituents. In this work, we seek not only to improve the 

workability of the extended natural gas analysis, but as stated in the introduction, we also 

seek to inform our work on odor masking. Since methane and ethane are not responsible for 

odor masking, a porous polymer phase was not selected in the chromatographic protocol 

when analyzing natural gas supplied to the laboratory from the commercial source.

One option for monitoring trace compounds in natural gas is to have multi PLOT-cryo 

wafers continually in place on gas lines, which could be removed and sampled during 

masking events or at desired sampling intervals. In order to simulate this, the multi-PLOT-

cryo bundle was attached to laboratory gas supply lines, and placed into the −72 °C bath. 

The gas was allowed to pass through the wafer at a flow rate of 20 mL/min for one hour and 

then the analytes were thermally desorbed from the multi-PLOT capillary wafer by the 

method described above. The composition of thermally desorbed analytes was investigated 

using a subambient GC oven temperature program and a 5 % phenyl-95 %-dimethyl 

polysiloxane column (30 m capillary column having a thickness of 1.0 mm, the column 

temperature was held at −15 °C for 90 minutes). The analysis employed MS detection in 

scan mode. The samples were injected directly from the wafer with a syringe attachment 

into a split/splitless injector set with a 15:1 split ratio. The inlet temperature was operated at 

ambient temperature with a constant head pressure of 82.7 kPa (12 psig). Mass spectra were 

collected for each peak from 15 to 550 RMM units. Peaks were identified with guidance 

from the NIST/EPA/NIH Mass Spectral Database, and also on the basis of retention 

indices.64, 65 The repeatability of these assays is expected to be similar to that reported for 
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single PLOT-cryo,52 with the most significant dissimilarities being caused by the variability 

in commercial product. The results from two of these experiments can be seen in Figure 3. 

These chromatograms can be compared to the direct injection of 10 mL of natural gas seen 

in Figure 4 (using the GC-MS parameters given above). These results demonstrate our 

ability to consistently identify a larger number of trace compounds using the multi-PLOT-

cryo method than with the direct injection of similar volumes. In addition, changes in the 

daily composition of natural gas as delivered could be monitored. As can be seen in Figure 

3, the composition and concentration of trace compounds may vary significantly in 

commercial products. This method provides a rapid, easy way to analyze trace compounds 

in natural gas and provides increased chromatographic signal strength (Figure 5) with 

sharper peak shapes compared to direct injection (Figure 4). This is due to the shorter spatial 

resolution of the injection, possible with the PLOT-cryo approach. Therefore, this method is 

an improvement over direct injection analysis. Clearly, for practical on-line natural gas 

analyses, alternative-cooling means would have to be implemented, such as a Peltier cooler 

or a pulse-tube cryocooler. For this initial demonstration as reported here, the dry ice/ethanol 

bath was considered to be adequate.

Conclusions

In this paper, a wafer formed from multiple PLOT capillaries maintained at low temperature 

was used to rapidly collect analytes from a natural gas surrogate and from commercial 

natural gas. Four points were demonstrated: (1) Collection may be performed while the 

multi-PLOT capillary wafer was maintained at low temperature (in this application 

approximately −72 °C) and the multi PLOT capillary wafer may undergo heating for 

activation or thermal desorption (in this application up to 110 °C) with no deleterious effects 

on the capillary, the polymer encapsulation, or the integrity of the stainless steel fittings 

integral to the wafer. (2) Vapor sampling periods of one minute to one hour could be used in 

order to simulate sampling both of wafers placed continually on gas lines and sampling at a 

single time point. (3) Flow rates of 7 mL/min to 20 mL/min were sufficient to collect trace 

compounds for detection by GC-MS. (4) This procedure enabled the identification of a large 

number of trace compounds in natural gas. Indeed, the use of multi-PLOT-cryo allowed for 

the identification of a significant number of compounds not detectable by direct injection 

into the GC-MS, as shown in Figure 5, and was shown to be overall superior to direct 

injection of similar volumes. (5) While preferential adsorption of analytes of differing 

polarities can occur on an individual PLOT surface, this was not observed or expected with 

the hydrocarbon stream of natural gas samples. If such preferential adsorption presents a 

problem, PLOT-cryo is the only headspace collection method that offers a solution by 

allowing multiple phases to be used for sampling, simultaneously.

This method complements existing extended natural gas analysis methods3 and will aid in 

the rapid identification of the native constituents of natural gas from non-traditional 

feedstocks. A multi-PLOT capillary wafer incorporating six individual PLOT capillaries was 

found to furnish a high enough flow rate to enable vapor sampling for the detection of trace 

compounds found in natural gas. The use of six capillaries is not a design limitation but is 

merely a convenience adopted in this initial work. Thus, wafers may be designed with more 

or fewer capillaries as needed. Analysis of the analyte recovered from natural gas was found 
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to be readily accomplished by GC-MS in the scan mode; however, any applicable analytical 

technique could be applied. While all of the analysis discussed here was performed in the 

laboratory, development of both field portable chemical analysis instruments and in-line 

detection devices for use with natural gas sampling and in other fields of trace detection is 

underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A schematic diagram of a six capillary multi PLOT-cryo wafer equipped with compression 

fittings for use as a headspace vapor collection device. A photograph of the wafer can be 

found in Supporting Information Figure S1.
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Figure 2. 
GC-MS spectra of the analytes of a natural gas surrogate (mole percent as prepared 

gravimetrically, uncertainty is discussed in the text) after collection by the multi-PLOT-cryo 

method. The light compounds, spectrum (a), were analyzed using GC-MS with a porous 

polymer PLOT column and the heavier compounds, spectrum (b), were analyzed using GC-

MS with a 5 % phenyl-95 %-dimethyl polysiloxane column.
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Figure 3. 
(a) and (b) are the GC-MS total ion chromatogram of the trace constituents of a commercial 

natural gas after collection by the multi PLOT-cryo method two weeks apart. Additional 

peaks could be identified (see insert in (a)), but for the sake of brevity only the major peaks 

have been labeled.

Burger et al. Page 13

Energy Fuels. Author manuscript; available in PMC 2018 January 10.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Figure 4. 
GC-MS spectrum of the analytes of a commercial natural gas by direct injection of 10 mL 

with a gas-tight syringe.
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Figure 5. 
Comparison of GC-MS raw area counts for the C6+ fraction of natural gas as determined by 

direct injection and the multi PLOT-cryo method.
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Table 1

Names and Molecular Mass of Components for Extended Natural Gas Analysis. Components are listed in 

order of retention times.

Component Name Molecular Mass

nitrogen 28.013

methane 16.043

carbon dioxide 44.010

ethane 30.070

propane 44.097

iso-butane 58.123

n-butane 58.123

iso-pentane 72.150

n-pentane 72.150

neopentane 86.177

cyclopentane +
2,3-dimethylbutane

78.156

2-methylpentane 86.177

3-methylpentane 86.177

n-hexane 86.177

methylcyclopentane 84.162

benzene 78.114

cyclohexane 84.162

dimethylpentanes 100.204

2-methylhexane 100.204

dimethylcyclopentanes 98.189

3-methylhexane 100.204

n-heptane 100.204

methylcyclohexane 98.189

ethylcyclopentane 98.189

dimethylhexanes 114.231

trimethylcyclopentanes 112.215

toluene 92.141

methylheptanes 114.231

Dimethylcyclohexanes 112.215

methylethylcyclopentanes 112.215

n-octane 114.231

C9 paraffins 128.258

C9 naphthenes 126.243

C8 benzenes 106.168

n-nonane 128.258

Energy Fuels. Author manuscript; available in PMC 2018 January 10.



N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

Burger et al. Page 17

Component Name Molecular Mass

C9 benzenes 120.195

C10 and heavier 142.285
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Table 2

Natural gas components and range of composition covered by ASTM D 1945-14. The ranges listed are for the 

method and not the acceptable ranges for commercial natural gas. Components are listed in order of retention 

times.

Component Mol %

helium 0.01 to 10

hydrogen 0.01 to 10

oxygen 0.01 to 20

nitrogen 0.01 to 100

carbon dioxide 0.01 to 20

methane 0.01 to 100

ethane 0.01 to 100

hydrogen sulfide 0.3 to 30

propane 0.01 to 100

isobutane 0.01 to 10

n-butane 0.01 to 10

neopentane 0.01 to 2

isopentane 0.01 to 2

n-pentane 0.01 to 2

hexane isomers 0.01 to 2

heptanes+ 0.01 to 1
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