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Investigation and optimization
of methane purification method
for natural gas by two-column
gas chromatography:
A preliminary test for doubly
substituted isotopologue
(13CH3D) measurements

Tiantian Sun1,2, Jun Cao1,2*, Haijun Qiu1, Piaoer Fu1,2, Hailong Lu3,
Zijie Ning1,2, Daohua Chen1,2, Yinan Deng1,2*

and Shengxiong Yang1

1Key Laboratory of Marine Mineral Resources, Ministry of Natural Resources, Guangzhou Marine
Geological Survey, China Geological Survey, Guangzhou, China, 2National Engineering Research Center
for Gas Hydrate Exploration and Development, Guangzhou, China, 3Beijing International Center for Gas
Hydrate, School of Earth and Space Sciences, Peking University, Beijing, China
In this study, optimization of themethane purificationmethod by gas chromatography

(GC) is described for the determination of methane clumped isotope compositions of

natural gas. Methane was purified under the carrying of helium on the assembly line

composed of a vacuum apparatus and two-column gas chromatography. Once

methane was detected by the passive thermal conductivity detector (TCD) on the

GC, it was collected through a silica trap immersed in liquid nitrogen. Optimum

conditions of chromatographic column diameter (1/4 inch outside diameter),

temperature (25 °C), and flow rate (50.8 ml min-1) have been determined. When N2/

CH4 (by volume) is<8.7%, the purification experiment can be undertaken once, while a

double purification experiment is required when natural gas samples have an N2/CH4

of 8.7-78.0%. The purification method yielded a purity of 98.4-98.8% with a recovery

of 97.3-98.7% on purified methane samples verified by GC determination. N2 was the

main source that contributed to the loss of the purity, however, the N-bearing isobaric

interferences (14NH+
3 and 14NH+

4 ) in purified samples presented<1‰ intensity

compared to the methane isotopologues (13CH+
4 and 13CH3D

+), thus we concluded

that these interferences have no impact on clumped isotope determinations. The

conventional d13CVPDB and dDVSMOW values of purified methane samples were

consistent with those of pure methane. A preliminary measurement of D13CH3D

(working gas) of purified samples revealed differences of -0.27‰, which was within the

internal precision of the measurement. The entire process of a single purification can

be completedwithin two hours. Our proposedmethod could be used for the clumped

isotope purification of natural gas with higher than ~50% methane.

KEYWORDS

purification method, natural gas, gas chromatography, purity and recovery, methane
clumped isotopes
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1 Introduction

Methane is an important energy source and greenhouse gas that is

generated by natural and anthropogenic processes. It attracts great

attentions due to it relates to the fields of energy exploration and

development, the greenhouse effect, the global carbon cycle, and

climate change (Kirschke et al., 2013; Nisbet et al., 2014; Schaefer

et al., 2016; Schwietzke et al., 2016; Wang et al., 2021). Identifying the

source and migration process of methane is of important for

understanding the formation mechanism of natural gas, which

facilitates the sustainable development of energy resources. Past to

present, conventional stable isotope measurements have long been

used to track sources and processes associated with naturally

occurring methane. Such as d13C and dD were widely employed to

identifying abiotic, biogenic, and thermogenic methane (Schoell,

1980; Etiope and Sherwood Lollar, 2013; Douglas et al., 2017;

Sherwood et al., 2017; Milkov and Etiope, 2018; Thiagarajan et al.,

2020). In recent years, the newly-developed methane clumped isotope

techniques have aided the study of the origin and migration of natural

gas (Douglas et al., 2016; Young et al., 2017; Stolper et al., 2018;

Giunta et al., 2019; Xie et al., 2021), particularly, considering the

overlap of conventional stable isotope compositions (d13C and dD) of
natural gas of different genesis (Douglas et al., 2017; Milkov and

Etiope, 2018; Dong et al., 2020). The application of this technique

focuses on the abundances of the doubly substituted isotopologues

(13CH3D and 12CH2D2) relative to the stochastic distribution (Young

et al., 2016; Young et al., 2017; Douglas et al., 2017). When D13CH3D

and D12CH2D2 values of methane samples are consistent with

thermodynamic equilibrium, the formation (or equilibration)

temperature can be estimated. The calculated temperature places

further constraints on the genesis of natural gas (thermogenesis,

biogenesis, or mixture of sources). Departure from equilibrium can

also provide information of kinetic processes such as mixing,

migration, oxidation, and bond re-ordering due to isotope exchange

processes (Wang et al., 2015; Young et al., 2017; Giunta et al., 2019;

Labidi et al., 2020; Warr et al., 2021; Giunta et al., 2021). These kinetic

processes may alter the isotopic signatures of methane, providing new

constraints on environmental and chemical mechanisms of natural

gas formation.

Precise determination of methane clumped isotope compositions

(D13CH3D and D 12CH2D2) has been promoted by the development of

methane purification techniques and instrument testing technology.

The early study of Ono et al. (2014) reported the 13CH3D
+

analysis by tunable infrared laser direct absorption spectrometry

(TILDAS). A subsequent study on the precise measurement of
12CH2D

+
2 isotopologue on TILDAS was proposed by Gonzalez et al.

(2019). Shen et al. (2016) reported the measurement of 13CH3D
+ and

12CH2D
+
2 isotopologues by cavity ringdown spectroscopy. Except for

the spectroscopy method, high-resolution IRMS determinations has

been promoted by other laboratories. Stolper et al. (2014a) reported

the D18 (a combination of 13CH3D
+ and 12CH2 D

+
2 ) data performed

on a prototype version of the Thermo Scientific Ultra HR-IRMS

(Ultra), which has a mass resolution of 25000. Methane isotopologues
13CH3D

+ and 12CH2D
+
2 were also separated and measured by Nu

Panorama at a mass resolution power of >40000 (Young et al.,

2017), which can also be realized with the production model of the

Thermo Scientific Ultra HR-IRMS (Eldridge et al., 2019; Dong et al., 2020;
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Zhang et al., 2021). Despite different instrument models, dual inlet gas

source system is a fixed configuration installed in the IRMS

instruments. It employs multiple comparisons between samples

and working reference gases under the same testing conditions,

still put forward high requirements on purity of methane samples,

typically >99% (Stolper et al., 2014a). In this context, the pretreatment

of methane is an important part of high-precision methane clumped

isotopic analysis.

The methane extraction methods for methane clumped isotope

determinations are based on two methods: By using cryogenic

(Stolper et al., 2014a; Stolper et al., 2014b; Douglas et al., 2016;

Shuai et al., 2018; Eldridge et al., 2019; Douglas et al., 2020; Dong

et al., 2021; Xie et al., 2021) or gas chromatography approaches

(Wang et al., 2015; Young et al., 2017; Giunta et al., 2019; Labidi et al.,

2020; Taenzer et al., 2020; Zhang et al., 2021). The cryogenic

approaches separate and collect methane according to the specific

vapor pressure of the components in natural gas. As the gas sample is

frozen in a liquid helium-cooled cryostat, H2, N2, O2, and He are

removed by pumping at a low vapor pressure at a temperature of

20 K. Methane is released at 70 K, and ethane and larger

hydrocarbons are retained at lower vapor pressures. This method

provides methane purities of >99.8% with negligible isotopic

fractionation during pumping. However, the pumping or collecting

time of each stage during purification largely depends on the

experimenters’ experience. Meanwhile, the GC method was also

proved to be effective in widespread applications of methane

purification cases. Young et al. (2017) first reported the GC method

for methane clumped isotope analysis by an ultra-high vacuum

apparatus combined with two-column (1/8 inch OD) GC packing

with 5A molecular sieve and HayeSep D porous polymer.

Nevertheless, the proposed method lacks recovery and purity data.

Subsequently, the GC approach has been widely adopted with little

modification (Giunta et al., 2019; Labidi et al., 2020; Taenzer et al.,

2020). Zhang et al. (2021) used a double-column GCmethod with two

HayeSep Q columns, with a recovery of ~100%. Negligible isotopic

deviations on D13CH3D were revealed (0.05 ± 0.22‰). However, it is

noteworthy that methane recovery and purity estimates were

predominately using gas pressure gauges with lacking

compositional analysis in the previous study. This means that other

components in natural gas may not have been fully removed, leading

to a compensated value evaluated by the gas pressure gauge. So far, a

systematic study of gas purification protocols by GC has not been

reported in the context of methane clumped isotope measurements.

In this paper, we further optimized the methane separation

protocol based on the characteristics (column diameter, oven

temperature, and carrier gas pressure) of the GC conditions. We

proposed systematic verification by GC on the purity and recovery of

purified methane. The visual monitoring of methane signals by GC

realized the complete, controllable and reliable methane collection.

We first investigated the number of purification tests that were

required when dealing with gases with varying compositions. The

effectiveness and reliability of the purification method were confirmed

by the preliminary determination of conventional carbon (d13CVPDB),

and hydrogen (dDVSMOW) isotope compositions on Thermo Finnigan

MAT 253 (MAT 253) instrument and d13C, dD, D13CH3D(wg)

compositions on Thermo Scientific Ultra (Ultra) instrument. Our

purification process provides available approach and method for the
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optimization of pretreatment techniques of methane clumped

isotope determinations.
2 Materials and methods

2.1 Instruments and reagents

Here we designed a purification line to purify methane. The

purification consists of two major components: vacuum apparatus and

GC instrument. The vacuum apparatus utilizes a hydrocarbon-free

mechanical pump and turbomolecular pump to ensure high vacuum.

The vacuum line includes VCR face-seal fittings (Swagelok) and CF

(ConFlat) flanges. The U-shaped cold trap is densely packed with silica

gel at the bottom. A GC-1310 (Thermo Scientific) with a TCD detector is

installed on the purification line for real-time monitoring of gas signals

and collecting gas. Conventional carbon (d13CVPDB) and hydrogen

(dDVSMOW) isotope analyses were carried out on a Thermo Finnigan

MAT 253 isotope ratio mass spectrometer connected with a GC-Trace

ultra through a ConFlo IV. The determinations of d13C, dD, and
D13CH3D(wg) values were performed on a Thermo Scientific Ultra high

resolution isotope ratio mass spectrometer. CH4, C2H6, C3H8, O2, N2,

CO, CO2, and H2 standard gases of ultra-high purity (>99.999%) were

used for condition experiments.
2.2 Purification methods

Two columns installed in GC were used in series for methane

purification: a 3 m 1/4 inch outside diameter (OD) column packed

with 5A molecular sieve was used for the separation of H2, O2, N2,

CO, and CxHx. A 1.5 m 1/4 inch OD column packed with HayeSep D

porous polymer was used for the separation of hydrocarbon gases.

The temperature of the purification line was set at 25 °C. Helium

(>99.999% pure) carrier-gas pressure was 150 kPa with a flow rate of

50.8 ml min–1 (see Table 1). The comparison of GC parameters with

other laboratories is shown in Table 2.

Our purification presented here is a five-step process involving:

(1) sample inlet and pressure monitor, (2) gas freezing adsorption and

heating release, (3) passing to GC, (4) GC identification, and (5)

pumping away impurities and methane collection. A schematic

diagram of the methane purification process is shown in Figure 1.
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A detailed purification process is as follows. (1) Confirm the

purification is performed under an optimum vacuum (<10–3 mbar)

pumping by the mechanical pump and molecular pump. (2) Two

injection methods are adopted here: CH4 is extracted from the

aluminum-polymer gas collection bag by a gas-tight syringe and

injected into the vacuum line. Or introduce it into the system by

crushing the sealed gas tube. (3) An appropriate and sufficient

pressure is recorded by the pressure gauge. Then, the gas sample is

trapped in cold trap T1, filled with silica gel at liquid-nitrogen (LN2)

temperature (77 K). Once all the components are absorbed (except

H2) in the trap T1, the pressure dropped to<10–3 mbar, and V4 is

closed for the next gas-releasing step. (4) The silica gel absorbent trap

T1 is heated at 30°C and kept for 10 minutes by heating strips to

release gas. Components in natural gas are fully released except H2O

and CO2 at this step. (5) GC parameters are set up and activated. The

sample gas is transported to the GC by helium carrier by opening the

four-way valve A (VA) at a specific time recorded on GC. (6) When

the methane is identified by GC, cold trap T2 (filled with silica gel) is

immediately cooled with LN2 to collect methane with a 35 min

collection time. (7) The He carrier gas is then pumped away by

evacuating the vacuum to 10–3 mbar with VA and VB simultaneously

closed and V4, V5, V6, V7, V8, or V9 open. Cold trap T2 is heated to

30 °C for 10 minutes to release the captured methane. (8) Methane is

transferred to an evacuated sample tube filled with silica gel

(immersed in LN2) through opening V5 and sealed in the tube by

flame. The sample tube is then attached to the dual inlet of the Ultra

for methane clumped isotope analysis. After the collection of

methane, the GC is baked at 200 °C for one hour to remove other

impurities (CO, C2-C5, etc.), which are retained in the columns, and

the traps are also heated at 100 °C to eliminate contaminants. The

background contributions of O2 and N2 are 12 μl and 36 μl on the

purification line, respectively.
2.3 Mass spectrometry

2.3.1 Measurements of conventional stable isotope
compositions (d13CVPDB and dDVSMOW)

The conventional stable isotopes (d13CVPDB and dDVSMOW) were

analyzed by a Finnigan MAT 253 instrument installed in Guangzhou

Marine Geological Survey (GMGS). A Trace Ultra gas

chromatography coupled to a combustion furnace (or an HTC

furnace) with GC Isolink Interface was connected with the MAT

253. Samples were injected with a split ratio of 1:50 onto an HP-PLOT

Q capillary column (30 m × 0.32 mm, 20.0 mm coating; J&M, USA).

The GC temperature program was kept at 70°C. The separated

analytes were converted into CO2 in a combustion furnace at 980 °

C for d13CVPDB isotopic analyses and were converted into H2 in an

HTC furnace at 1400 °C for dDVSMOW isotopic analyses. For carbon

dioxide isotope analyses, m/z 44,45,46 ions and the m/z 45/44 ratio

were determined. For hydrogen isotope analyses, m/z 3,2,1 ions and

the m/z 2/1 ratio were determined. The d13CVPDB and dDVSMOW

values of high-purity CO2 and H2 reference gases were determined

using calibrated values for standard methane gas. The d13CVPDB

(relative to the VPDB, Vienna Pee Dee Belemnite) and dDVSMOW

(relative to the VSMOW, Vienna Standard Mean Ocean Water)

values were defined as the Eqs (1) and (2) as below:
TABLE 1 Chromatography conditions on purification system.

Sample Detection

Type: Natural gas Detector type: Thermal
Conductivity Detector

Size: contains at least 6 ml pure methane Temperatures

Column Column: 25 °C

Length:3m, 1.5m Carrier pressure

Diameter: 1/4 inch OD, 1/4 inch OD Sample loop: 150 kpa

Material: Stainless steel Flow Rate

Packing: 5A molecular sieve, HayeSep D
porous polymer

Carrier gas, helium: 50.8 ml min-1
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d 13CVPDB(‰ ) = ð
13C=12Csample −

13 C=12CVPDB

13C=12CVPDB
Þ � 1000 (1)

dDVSMOW(‰ ) = ðD=Hsample − D=HVSMOW

D=HVSMOW
Þ � 1000 (2)
2.3.2 Measurements of d13C, dD, and D 13CH3D(wg)

Methane isotopologue analyses were performed using the Ultra

instrument at GMGS. The instrument has a dual-inlet system which is

composed of 4 variable volumes bellows (bellow A, B, C, D). All

measurements have been performed relative to the “working gas”

(99.999% pure methane, from Guangzhou Beiqi Gas Co., Ltd).

Different from the conventional stable isotope measurements,

methane is the direct testing object in clumped isotope analysis.

d13C and dD values are determined by 13CH+
4 /

12 CH+
4 and

12CH3D
+/12

CH+
4 . By definition, d13C, dD, and d13CH3D values can be expressed
Frontiers in Marine Science 04
in the following formulas,

d 13C (‰ ) = ð
13CH4=

12CH4sample −
13 CH4=

12CH4working gas
13CH4=

12CH4working gas
Þ

� 1000 (3)

dD(‰ ) = ð
12CH3D=

12CH4sample −
12 CH3D=

12CH4working gas
12CH3D=

12CH4working gas
Þ

� 1000 (4)

d 13CH3D(‰ ) = ð
13CH3D=

12CH4sample −
13 CH3D=

12CH4working gas
13CH3D=

12CH4working gas
Þ

� 1000 (5)

Due to the lack of sufficient heated gas data, D13CH3D values were

reported in the working gas reference frame instead of the stochastic
FIGURE 1

Schematic diagram of the purification system. The alphabet P represents pressure-vacuum gauge. The alphabet V represents valve, for example, V1
represents a two-way valve numbered 1; VA represents a four-way numbered A. The GC represents gas chromatography. The TCD represents thermal
conductivity detector. The 5A represents 5A molecular sieve. The HayeSep D represents HayeSep D porous polymer. The black lines wrapped Trap
represent heating strips.
TABLE 2 Technique parameters of various GC-based methane purification methods.

Reference Separation methods Flow rate Temperature Fill object in
trap Recovery

Young et al.
(2017)
Giunta et al.
(2019)
Labidi et al.
(2020)
Taenzer et al.
(2020)

Two columns:
3 m 1/8 inch OD 5A molecular sieve + 2m 1/8 inch OD HayeSep D porous

polymer
20 ml min-1 25 °C Silica gel /

Wang et al. (2015) One column: 5m 1/8 inch OD Carboxen-1000 25 ml min-1 30 °C Silica gel /

Zhang et al. (2021) Two columns: 2m 2.2 mm I.D Hayesep Q +2m 2.2 mm I.D Hayesep Q 11 ml min-1 30 °C Silica gel
99.6-
100.3%

This study
Two columns:3 m 1/4 inch OD 5A molecular sieve+1.5m 1/4 inch OD

HayeSep D
50.8 ml
min-1

25 °C Silica gel 97.3-98.7%
fr
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distribution, which is named D13CH3D(wg). Our reported D13CH3D

(wg) compositions were calculated from the equations presented in

Eldridge et al. (2019).

12CH3D(frag)R =
½12CH3D�

½12CH4� + ½12CH2D�
=

4DR
1 + 3� F�D R

(6)

DR =
½D�
½H� =

13CH3D(frag)R

4 − 3� F�13CH3D(frag) R
(7)

13CH3D(frag)R =
½13CH3D�

12CH4�+½12CH2D�+½13CH3

� �

=
13CH3DR

1 + F� (13R + 3DR)
(8)

13CH3DR =13CH3D(frag) R � (1 + F� (13R + 3�D R)) (9)

D13CH3D = (
13CH3DR

4�13 R + 3DR)
− 1)� 1000 (10)

A fragment(frag), i.e. 12CH2D is included in the denominator, and

thus the isotopologue ratio is expressed as 12CH3D(frag)R. F represents

the fragmentation rate of removing a hydrogen or deuterium from a

methane isotopologue during ionization in the mass spectrometer,

and is measured as the [13CH3]/[
13CH4] ratio.

Below is the specific mass spectrometry method, and our method

followed those reported in Eldridge et al. (2019) and Dong et al.

(2020) with some optimizations.
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d13C and d13CH3D were determined simultaneously. Isotopic

analyses were performed at a high-resolution mode with a mass-

resolving power of about 27,000. The mass-16 ion beam (12 CH+
4+

13

CH+
3+

12CH2D
+) was collected on an L4 Faraday cup equipped with a

3 × 108 W amplifier, with a count rate of ~1.3 × 1010 cps/s. The mass-

17 ion beam comprised 13 CH+
4and was collected on the L1 Faraday

cup equipped with a 1 × 1012 W amplifier, with a signal intensity of

~1.3 × 108 cps. The mass-18 ion beam included 13CH3D
+ and was

analyzed on H3 CDD employing a 1 × 1012 W amplifier, with a count

of ~7000 cps. The setting time was 8 s, and the integration time was

16.78 s. The peak center was set first, and the L4 cup was used for

pressure adjustment. Background testing was undertaken three times

for each block with the total measurement comprising 20 blocks of 8

cycles. A single measurement took 7 hours. The mass scan is shown

in Figure 2A.

The determination of dD was performed at medium resolution

using a high-resolution aperture and a mass resolution power of

30000. The mass-16 beam consists of 12CH+
4+

12CH2D
+ and was

collected on the L1 Faraday cup equipped with a 1 × 109 W
amplifier, with an intensity of ~3 × 109 cps. The mass-17 beam

includes 12CH3D
+ and was registered on the H4 CDD equipped with a

1 × 1012 W amplifier, with a signal intensity of ~1.1 × 105 cps (this cup

is a high-resolution cup with a width of 40 mm, and can separate
12CH3D

+ from 12CH+
5 ). The setting time was 8 seconds with an

integration time of 32.55 seconds. The L1 cup was used for pressure

adjustment before the background was determined, and each block

was tested three times on background values. The overall

measurement included 20 blocks of 8 cycles, with analysis requiring

~9 h. The mass scan is shown in Figure 2B.
B

A

FIGURE 2

Mass scan for (A) 12 CH+
4+

13 CH+
3+

12CH2D
+,13 CH+

4 , and
13CH3D

+ and (B) 12 CH+
4+

12CH2D
+ and 12CH3D

+. Blue line represents the analytical position for
the targeted isotopologue. (cps = counts per second).
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3 Results and discussion

3.1 Optimization of length and OD of GC
columns by investigating on separating
effect, efficiency, and recovery purity of
purified methane

In analytical gas chromatography, columns diverse in length

and diameter would affect the performance by separating individual

components in the natural gas. Considering that the volume of

methane required for clumped isotope analysis is at least 6 ml at

Standard Temperature and Pressure (STP), three different packed

column assemblages were examined. This examination includes: (1)

A 3 m 1/8 OD 5A molecular sieve column followed by a 2 m 1/8 OD

HayeSep D column (3,2,1/8 columns), (2) a 6 m 1/8 OD 5A

molecular sieve column followed by a 2 m 1/8 OD HayeSep D

column (6,2,1/8 columns), and (3) a 3 m 1/4 OD 5A molecular sieve

column followed by a 1.5 m 1/4 OD HayeSep D column (3,1.5,1/4

columns). Firstly, an all-components mixed gas consisting of H2,

O2, N2, CO2, CO, H2O, CH4, C2H6, and C3H8 was introduced into

the system for chromatographic analysis. In the view of

chromatographic data, the peak of H2, O2, and N2 appeared

before CH4 while CO and C2-C5 appeared after CH4 (see

Figure 3). In addition, H2O and CO2 were removed before

entering GC. Besides, CO2 did not show a chromatographic peak

as being absorbed in 5A molecular sieve column. This means that

CH4-neighbored O2 and N2 greatly affect the methane purification

result. Subsequently, a methane/air mixture (90%/10%) was

introduced into the purification system to examine the separated

effect of the three columns. The comparison unfolded in the

following aspects:(1) The symmetry of chromatographic peaks.

The flow rate tested by flow meter was 18.5 ml min–1 on 3,2,1/8

columns and 6,2,1/8 columns under 25 °C oven temperature and

250 kPa carrier gas pressure. The enlarged diameter improved the

capacity of the gas. As for the 3,1.5,1/4 columns, the expansion of

diameter increased the flow rate to 50.8 ml min–1 under a

temperature condition of 25 °C and carrier pressure of 150 kpa.

As seen from the chromatographic data, the resultant peak shapes
Frontiers in Marine Science 06
were asymmetrical under 3,2,1/8 columns and 6,2,1/8 columns (see

Figure 4). The chromatography of the methane peak rose quickly,

which made it difficult for technicians to quickly respond and

collect. In contrast, 3,1.5,1/4 columns presented symmetrical peak

shapes. (2) The separation degree of N2 and CH4. N2 and CH4 were

well separated by 6,2,1/8 columns and 3,1.5,1/4 columns with a

separation degree greater than 1.7 and 2.1, respectively. Conversely,

a decreased separation degree of 1.1 was performed under 3,2,1/8

columns. Especially, when separating low-content CH4 samples

(50% methane/50% air) by 3,2,1/8 columns, N2 presents severe

peak tailing on CH4 which causes unfeasible collection (see

Figure 5). (3) Efficiency. Efficiency is one of the important aspects

of chromatography purification performance. The longer the

column, the greater the analytical time required. In experiments,

the collection begins as soon as the methane signal is detected by the

TCD detector. The collection ends as the peak area of methane does

not increase. As can be seen from the chromatogram, the methane

peak appeared at 21 minutes, 50 minutes, and 31.5 minutes under

3,2,1/8 columns, 6,2,1/8 columns, and 3,1.5,1/4 columns (Figure 4),

with a collection time of 30 minutes, 45 minutes and 35 minutes,

respectively (Figure 6). Once the collection is completed, the

components (CO, C2-C5) remaining in the column need to be

removed by baking. Judging by the retention time of C2H6

(170 min) and C3H8 (> 240 min), the baking time is supposed to be

set over two hours under 6,2,1/8 columns (see Figure 7).

Comparatively, the baking time was greatly shortened under

3,1.5,1/4 columns, see Figure 3. Note: GC can be direct heat up to

200 °C for baking after collecting the methane, while GC was slowly

heated up in this study (to distinguish the individual components).

(4) Recovery and purity of purified methane. After a single

purification, methane detected by the TCD was frozen in the cold

trap T2; however, it was then released and re-absorbed in cold trap

T1 for the following GC verification of recovery and purity instead

of collecting immediately. Detailed data are shown in Table 3. The

area normalization method (area ratio of each component to the

total component) was used to calculate methane purity. The relative

correction factors (by volume) for O2, N2, and CH4 are 2.50, 2.38,

and 2.80, respectively (The data are from Sparkman et al. (1997)).
FIGURE 3

Typical chromatogram of a natural gas under 3,1.5,1/4 columns. A heating procedure was adopted with an initial temperature of 25 °C (65 min), heating
at 10 °C min–1 to 120 °C (20 min), then to 200 °C.
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B2

C2

A2

B1

C1

A1

FIGURE 4

Chromatograms of 90% methane +10% air, for (1) initial gas and (2) purified gas on (A) 3,2,1/8 columns; (B) 6,2,1/8 columns and (C) 3,1.5,1/4 columns.
FIGURE 5

Chromatogram of 50% methane+50% air on 3,2,1/8 columns. A constant temperature procedure of 25 °C was adopted.
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The recovery was defined using the ratio of methane peak areas of

purified methane to initial gas. The experiment results showed that

similar recoveries were obtained after a single purification under

3,2,1/8 columns (98.1-98.8%) and 3,1.5,1/4 columns (98.2-98.7%)

which were slightly higher than 97.4-98.1% recovery under 6,2,1/8

columns. Furthermore, the separation results toward the purity of

purified methane vary with chromatographic columns. Three
Frontiers in Marine Science 08
parallel purifications under 3,1.5,1/4 columns presented 98.5%-

98.6% purity, which was slightly better than 97.7-97.9% on 6,2,1/8

columns and 97.0-97.5% on 3,2,1/8 columns. In summary, a 3 m 1/4

OD 5A molecular sieve column followed by a 1.5 m 1/4 OD

HayeSep D column (3,1.5,1/4 columns) achieved better

performance on the separation effect, efficiency, and purity of

collected methane.
B

C

A

FIGURE 6

The peak area of methane per 2 min since methane signal appears under (A) 3,2,1/8 columns; (B) 6,2,1/8 columns and (C) 3,1.5,1/4 columns.
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3.2 The optimization of oven temperature
and carrier gas pressure on GC for
separation of N2 and CH4

Based on preliminary experiments, oven temperature and carrier

gas pressure were further adjusted to optimize the separation degree
Frontiers in Marine Science 09
of CH4 and N2. Purification experiments were undertaken with

methane/air (90%/10%) mixtures under four different GC

parameters as follows:(1) Oven temperature and carrier gas

pressure were set at 25 °C and 150 kPa with a flow rate of 50.8 ml

min–1. (2) 25 °C oven temperature and 200 kPa carrier gas pressure

with a flow rate of 76.0 ml min–1. (3) 30 °C oven temperature and 150
FIGURE 7

Chromatograms of air + C1–C3 hydrocarbons on 6,2,1/8 columns. A heating procedure was adopted with an initial temperature of 25 °C (110 min), and
heating at 10 °C min–1 to 120 °C (20 min), then to 200 °C. C3H8 didn’t appear within 240 min.
TABLE 3 Comparison of purification results with different GC columns.

Columns GC condi-
tions Numbers Samples

O2

peak
areas

N2

peak
areas

CH4

peak
areas

Purity and
recovery Note

A 3-meter 1/8 OD, 5A molecular sieve
column and a 2 m HayeSep D column

25 °C, 250
kpa

1st
a 14.2 51.8 580.8

97.0%, 98.8%

1.7 hours for a
single purification

b 3.8 16.8 573.7

2nd
a 14.0 51.5 576.5

97.5%, 98.1%
b 3.3 13.8 565.5

3rd
a 14.2 52.0 579.1

97.5%, 98.7%
b 3.1 14.0 571.4

A 6-meter 1/8 OD, 5A molecular sieve
column and a 2 m HayeSep D column

25 °C, 250
kpa

1st
a 18.2 70.8 775.1

97.7%, 97.8%

2.5 hours for a
single purification

b 4.0 16.8 758.0

2nd
a 17.7 69.8 782.3

97.9%, 98.1%
b 3.8 15.3 767.4

3rd
a 18.7 71.0 777.4

97.7%, 97.4%
b 4.0 16.6 757.2

A 3-meter 1/4 OD, 5A molecular sieve
column and a 1.5 m HayeSep D column

25 °C, 150
kpa

1st
a 5.3 22.5 242.0

98.6%, 98.7%

1.8 hours for a
single purification

b 1.0 3.0 238.9

2nd
a 5.6 22.8 243.5

98.5%, 98.6%
b 0.8 3.5 240.0

3rd
a 5.8 23.1 244.1

98.5%, 98.2%
b 0.6 3.8 239.7
a represents (90% methane +10% air) initial gas, b represents purified methane.
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kPa carrier gas pressure with a flow rate of 50.0 ml min–1. (4) 30 °C

oven temperature and 200 kPa carrier gas pressure with a flow rate of

74.8 ml min–1 (Figure 8). Three parallel experiments were conducted

under each group of temperature and pressure parameters with good

reproducibility. All the results are shown in Table 4.

The result showed that the purity and recovery data were slightly

different under four GC parameters. The recoveries were (1) 98.2 to

98.7‰, (2) 98.4 to 98.6‰, (3) 98.2 to 99.1‰, and (4) 98.4 to 98.9‰

under four different parameters of temperature and gas pressure. All
Frontiers in Marine Science 10
of them achieved a similar methane recovery of ~99‰. A slightly

higher purity (98.2 to 99.1‰) of purified methane was achieved under

GC parameters of 150 kpa. This can be explained by a lower pressure

that causes a longer retention time of gases and thus reduces the

contamination of O2 and N2 on CH4. For optimum separation of CH4

and N2, an oven temperature of 25 °C, carrier gas pressure of 150 kPa,

and flow rate of 50.8 ml min–1 are recommended. These optimum

conditions have advantages for the purification of nitrogen-rich

samples to reduce nitrogen contamination on methane.
B2

C2

A2

B1

C1

A1

D2

D1

FIGURE 8

Chromatograms of 90% methane +10% air under different chromatography conditions. (A) Oven temperature 25 °C, carrier pressure 150 kPa, and flow rate
50.8 ml min–1 for (1) initial gas and (2) purified gas. (B) Oven temperature 25 °C, carrier pressure 200 kPa, and flow rate 76.0 ml min–1. (C) Oven temperature
30 °C, carrier pressure 150 kPa, and flow rate 50.0 ml min–1. (D) Oven temperature 30 °C, carrier pressure 200 kPa, and flow rate 74.8 ml min–1.
TABLE 4 Comparison of methane purification results under different conditions of chromatography.

GC parameters Numbers Samples O2 peak areas N2 peak areas CH4 peak areas Purity and recovery

25 °C oven temperature, 150 kpa carrier
pressure

1st
a 5.3 22.5 242.0

98.6%, 98.7%
b 1.0 3.0 238.9

2nd
a 5.6 22.8 243.5

98.5%, 98.6%
b 0.8 3.5 240.0

3rd
a 5.8 23.1 244.1

98.5%, 98.2%
b 0.6 3.8 239.7

25 °C oven temperature, 200 kpa carrier
pressure

1st
a 3.8 15.3 162.0

97.8%, 98.6%
b 0.9 3.3 159.7

2nd
a 3.8 15.0 160.7

98.1%, 98.4%
b 0.6 2.9 158.1

3rd
a 3.9 15.5 162.8

98.2%, 98.4%
b 0.6 2.9 160.2

(Continued)
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3.3 A determination of purification times of
samples with different N2/CH4 (by vol)

Plenty of methane mixed with air was introduced to the system to

evaluate the purification times of samples with varying content of

methane. Usually, natural gas samples have relatively low oxygen

content. In GC analysis, oxygen peaks occur earlier than nitrogen peaks.

Nitrogen content is the key factor affecting the effect and efficiency of

methane purification. Therefore, the N2/CH4 ratios of samples were used

to evaluate the number of purification tests were required.

With a 75%/25% methane/air mixture, the peak areas of O2, N2, and

CH4 for the unpurified gas, single-purified gas, and double-purified gas

are shown in Table 5. After the first purification, the methane has a purity

of 96.4 - 96.8% and a recovery of 98.8 - 99.2%. The recovery of 97.3 -

97.5% and purity of 98.6 - 98.8% were achieved after the second

purification. The chromatogram is shown in Figure 9A.
Frontiers in Marine Science frontiersin.org11
With a 50%/50% methane/air mixture the first time passing through

the GC column, the peaks were not separated. Methane was collected

based on the experience time (31.5 minutes) of the appearing peak.

After the first purification, the methane has a purity of 91.5 - 91.6%.

After the second purification, a purity of 98.4 - 98.6% was obtained

(see Table 5). The chromatogram is shown in Figure 9B. In addition,

we found that when the air content is greater than 50%, the

purification results are unsatisfying. Consequently, purifications of

low-content methane (< 50%) samples are not recommended.

The average nitrogen volume fraction in the air (78%) was used to

estimate the added volume of nitrogen in experiments. When N2/CH4

(by vol) is<8.7% (calculate by 90%/10% methane/air single-purified

experiments), a single purification is enough. When the ratio is 8.7%–

78.0% (78.0% estimates from 50%/50% methane/air double-purified

experiments), the gas should be purified twice. Recovery will slightly

decrease after a single purification due to little amounts of gas absorbed in
TABLE 4 Continued

GC parameters Numbers Samples O2 peak areas N2 peak areas CH4 peak areas Purity and recovery

30 °C oven temperature, 150 kpa carrier
pressure

1st
a 5.8 23.3 246.8

98.4%, 98.2%
b 0.9 3.7 242.4

2nd
a 6.2 23.8 244.4

98.4%, 98.4%
b 0.8 3.7 240.4

3rd
a 5.9 23.5 243.5

98.3%, 99.1%
b 1.0 4.0 241.3

30 °C oven temperature, 200 kpa carrier
pressure

1st
a 4.4 16.0 162.5

97.7%, 98.4%
b 0.7 3.7 159.9

2nd
a 4.1 15.8 161.5

97.7%, 98.6%
b 0.7 3.6 159.2

3rd
a 4.2 15.3 162.3

98.1%, 98.9%
b 0.6 3.0 160.5
a represents (90% methane +10% air) initial gas, b represents purified methane.
TABLE 5 Purification results of gases with different air contents.

The components of gas samples Numbers Samples O2 peak ares N2 peak areas CH4 peak areas Purity and recovery

75% methane +25% air

1 st

a 17.4 67.1 244.0

b 1.4 9.0 241.1 96.4%,98.8%

c 0.7 2.8 237.4 98.8%, 97.3%

2nd

a 16.5 65.8 244.6

b 1.4 7.9 242.6 96.8%,99.2%

c 0.8 3.2 238.5 98.6%, 97.5%

50% methane +50% air

1 st

a / / /

b 2.1 24.0 240.2 91.5%,/

c 0.6 3.4 238.2 98.6%,/

2nd

a / / /

b 2.6 23.3 242.8 91.6%,/

c 0.8 3.8 239.9 98.4%,/
a represents initial gas, b represents gas after first purification, c represents gas after second purification.
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the packed columns. This also can be inferred from the decrease of peak

area on CH4 through every single purification. Accordingly, it is not

recommended to purify gas samples more than twice. To ensure high

recovery within two-time purification, the N2/CH4 should be<78.0% in

natural gas. In fact, most natural gas samples can match the sample

criteria and be purified and analyzed for clumped isotope compositions.

Here three different types of natural gas samples collected from the

Eastern Pearl River Mouth Basin, Tarim Basin, and Qiongdongnan basin

in China (see Table 6) were purified to verify the reliability of the method.

In GC detection of the three gases, only the O2 peak and N2 peak were

detected before the CH4 peak. The O2/CH4 (by vol) was in the range of

1.1%-8.0%, and N2/CH4 was in the range of 4.1%-40.5%. The purities

were 98.4-98.8% with 97.5-99.2% recovery on extracted methane, which

was largely consistent with mixture gas. N2 was the main source

contributing to the impurity.
3.4 N-bearing species contribute to
methane isotopologues analysis?

Methane isotopologues, 12CH+
4 ,
13CH+

4 ,
12CH3D

+, and 13CH3D
+ were

measured using the high mass-resolving power of the instrument to
Frontiers in Marine Science 12
distinguish interference ions from the targeted ones. As purified gas was

found to contain a small amount of N2 (typically<2%), the impact of N-

bearing species on methane isotopologues during testing should be taken

into account. Thus,14NH+
3 and 14NH+

4 were scanned to check whether

they contribute to 13CH+
4 and 13CH3D

+. 14NH+
3 and 14NH+

4 ions were

first scanned under the high-resolution mode by employing H4 CDD

high-resolution cup. The instrument background of 14NH+
3 ions is ~150

cps. When analyzing purified methane samples, the 14NH+
3 ions

exhibited ~1000 cps on the CDD detector which was 1‰ intensity of
13CH+

4 (Figure 10). An offset of 0.008 amu on mass between 14NH+
3 and

13CH+
4 was revealed with a high-resolution of ~30000. Besides, 14NH+

3

ions did not show visible peak tailing. The 14NH+
3 ions did not contribute

to the analysis of 13CH+
4 indicated. The 14NH+

3 ions were also scanned

under the parameter of d13CH4 analysis using an L1 faraday cup.

However, no peak was detected. Beyond that, 14NH+
4 ions were not

detected through mass scans (neither through H4 CDD high-resolution

cup or measurement condition cup-H3 CDD). Therefore, we consider

that methane isotopologues can be determined irrespective of N-bearing

species by our machine.
3.5 Results of d13CVPDB, dDVSMOW, and d13C,
dD, D13CH3D(wg) comparing pure in-house
standard methane and purified methane

In this study, in-house standard methane samples (pure methane)

were tested first to evaluate the stability of instrumental measurement,

and also establish a reference for the purified gas. The conventional

carbon and hydrogen isotopes (d13CVPDB and dDVSMOW)

determinations were executed (Table 7). In-house standard methane

had a d13CVPDB of -41.6‰ to -42.1‰ with a mean value of -41.9 ±

0.3‰ (1SD, n=3). The dDVSMOW values ranging from -176.9‰ to

-178.2‰ yielded a mean value of -177.5 ± 0.7‰ (1SD, n=3). For

methane isotopologues analysis, the internal precision (1 s.e.) of d13C,
dD, and d13CH3D can reach ±0.01‰, ±0.09‰ and ±0.37‰. These

reported precisions can be comparable to the data reported by other
TABLE 6 Purification results of different types of natural gas.

Area

Types
of

natural
gas

O2/
CH4

N2/
CH4

Purify
times

Purity
and

recovery

Eastern Pearl River
Mouth basin, South
China sea

Gas
hydrate

1.1% 4.1% 1
98.8%,
99.2%

Tarim Basin,
the northwest of China

Pyrolysis
gas

2.1% 7.8% 1
98.3%,
98.5%

Qiongdongnan basin,
South China sea

Shallow
marine
gas

8.0% 40.5% 2
98.4%,
97.5%
B3A3

B1A1

B2A2

FIGURE 9

Chromatograms of gases with different air contents. (A) 75% methane + 25% air for (1) initial gas (2) single, and (3) double purification. (B) 50% methane +
50% air for (1) initial gas (2) single, and (3) double purification.
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Ultra HR-IRMS laboratories, e.g. University of California, Berkeley,

Tokyo Institute of Technology, and California Institute of Technology

(Table 8). The average values were -0.01 ± 0.07‰ (1SD, n=5) for d13C,
0.06 ± 0.25‰ (1SD, n=5) for dD, and 0.21 ± 0.57‰ (1SD, n=5) for

d13CH3D (see Table 9). An average D13CH3D(wg) of 0.16 ± 0.52‰ (1SD,

n=5) was displayed on in-house standard methane during seven

months of measurement. Due to the arrangement of other

experiments, such as heated gas, and natural gas samples analysis, the

quantity of D13CH3D(wg) data on in-house standard methane is not

sufficient. The external precision ( ± 0.52‰) of D13CH3D(wg) was larger

than the data ( ± 0.35 - ± 0.41‰) reported by other laboratories

(Table 8). However, because our instrument was affected by the

unstable temperature and humidity in our laboratory, its resolution

power was compromised, which probably overwhelm the effect of the

improvement of the measurement precision of d13C, dD, and d13CH3D.

Nevertheless, the precision would have potential to be improved if the

resolution power could be further well-controlled in the future.
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Attempting to examine the reliability of the purification method,

purified methane samples were analyzed. ~6ml in-house standard

methane mixed with 0.5ml air were introduced into the purification

system. After purification, isotope measurements were carried out.

Three completely independent purification experiments and tests

were performed. d13CVPDB and dDVSMOW values were -41.5 ± 0.3‰

(n=3) and -178.3 ± 0.8‰ (n=3), respectively (Table 7). The

discrepancies were 0.4 and 0.8 compared to the in-house standard

methane, which was well within the experimental uncertainty. As

discussed above, the carbon and hydrogen isotope data of purified

methane are consistent with pure methane. Besides, the average

values were -0.25 ± 0.12‰ (1SD, n=3) for d13C, 0.92 ± 0.42‰

(1SD, n=3) for dD, 0.56 ± 0.25‰ (1SD, n=3) for d13CH3D of

purified methane. The values of d13C and dD can be comparable to

the typical errors of conventional d13CVPDB and dDVSMOW values.

The average D13CH3D(wg) was -0.11 ± 0.30‰ on purified methane.

Figure 11 shows the individual data spot of D13CH3D(wg) on in-house
FIGURE 10

Full peak separation for 14 NH+
3 and

13 CH+
4at mass 17 in high resolution mode by H4 CDD.
TABLE 7 Conventional stable isotope compositions (d13CVPDB and dDVSMOW) of in-house standard methane and purified methane.

Projects
Measured value

Average value SD
1st 2nd 3rd

d13CVPDB of in-house standard methane/(‰) -41.9 -41.6 -42.1 -41.9 0.3

d13CVPDB of purified methane/(‰) -41.6 -41.8 -41.2 -41.5 0.3

dDVSMOW of in-house standard methane/(‰) -176.9 -177.5 -178.2 -177.5 0.7

dDVSMOW of purified methane/(‰) -177.4 -178.7 -178.8 -178.3 0.8
fro
TABLE 8 Comparison of internal and external precision of in-house standards with other Ultra HR-IRMS laboratories.

GMGS
(Our study)

UC Berkeley
(Eldridge et al., 2019)

Tokyo Tech
(Zhang et al., 2021)

Caltech
(Thiagarajan et al., 2020)

Internal precision
(1 s.e.)

d13C ± 0.01‰ ± 0.01‰ ± 0.01‰ ± 0.01‰

dD ± 0.09‰ ± 0.12‰ ± 0.11‰ ± 0.12‰

d13CH3D ± 0.37‰ ± 0.25‰ ± 0.35‰ ± 0.28‰

External precision
(1 s.d.)

d13C ± 0.07‰ (n=5) ± 0.03‰ (n=8) ± 0.03‰ (n=11) ± 0.03‰

dD ± 0.25‰ (n=5) ± 0.13‰ (n=8) ± 0.17‰ (n=11) ± 0.20‰

D13CH3D ± 0.52‰ (n=5) ± 0.39‰ (n=8) ± 0.41‰ (n=11) ± 0.35‰
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standard methane versus purified methane. A deviation of -0.27‰

was revealed. However, we consider this offset negligible, as it is lower

than the internal and external precision of measured D13CH3D(wg) on

our in-house standard methane.
4 Conclusion

An experimental scheme for the separation and purification of

methane in natural gas is described, based on a GC method. Multiple

factors (separation degree of individual components, experiment

efficiency, and purity, recovery of purified methane) are considered

when determining the experiment parameter, e.g. diameter of the

columns, temperature, and flow rate. We summarize the conclusions
Frontiers in Marine Science 14
of this study as follows:(1) The comparative experiments of different

type 5A molecular sieve columns indicate that 1/4 inch OD columns

could provide better performance on the separation effect, efficiency,

and purity of collected methane. (2) N2 separation from CH4 was

optimal with an oven temperature of 25 °C, carrier gas pressure of 150

kPa, and flow rate of 50.8 ml min–1. (3) The purified samples may

have N2 contamination, which is no more than ~2%. N2-bearing

species do not affect clumped isotope analysis, further corrections are

not required. (4) The GC-based purification method is suitable for

samples containing<78.0% N2/CH4. Samples containing<8.7% N2/

CH4 can be purified once. Double purification is required for the

concentration of 8.7 - 78.0% N2/CH4.

Our proposed method of purified methane can realize a purity of

98.8% with a recovery of 98.7%. The d13CVPDB and dDVSMOW values
FIGURE 11

D13CH3D(wg) of in-house standard methane versus purified methane. All error bars represent ±1 s.e. for a single measurement. The dashed line represents
the average of the measured data with pink area and blue area marking 2SD.
TABLE 9 Measurements of in-house standard methane and purified methane on clumped isotope determination by Ultra.

Sample Number d13C
(‰)

1.SE
(‰)

dD
(‰)

1.SE
(‰)

d13CH3D
(‰)

1.SE
(‰)

D13CH3D(wg)

(‰)
1.SE
(‰)

In-house standard
methane

1 0.02 0.02 -0.08 0.12 -0.11 0.40 -0.05 0.42

2 -0.13 0.02 -0.13 0.11 -0.33 0.55 -0.07 0.56

3 0.01 0.02 0.48 0.34 0.58 0.51 0.09 0.61

4 0.00 0.01 -0.03 0.17 1.03 0.50 1.06 0.53

5 0.05 0.01 0.08 0.09 -0.11 0.39 -0.24 0.40

Mean -0.01 0.06 0.21 0.16

1.SD 0.07 0.25 0.57 0.52

Purified methane

1 -0.28 0.01 0.76 0.13 0.40 0.42 -0.08 0.44

2 -0.12 0.02 1.40 0.25 0.85 0.37 -0.43 0.45

3 -0.36 0.02 0.61 0.20 0.42 0.41 0.17 0.46

Mean -0.25 0.92 0.56 -0.11

1.SD 0.12 0.42 0.25 0.30
fro
Uncertainty for D13CH3D(wg) were calculated through the formulas of propagation of measurements errors reported in Ash et al. (2019).
ntiersin.org

https://doi.org/10.3389/fmars.2023.969567
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Sun et al. 10.3389/fmars.2023.969567
of purified methane are consistent with those of pure methane.

D13CH3D(wg) of purified methane is -0.11 ± 0.30‰ (1SD, n=3),

indicating negligible deviation compared to the 0.16 ± 0.52‰ (1SD,

n=3) of pure in-house standard methane. Our proposed method first

provides detailed reference material to study the GC-based methane

extraction method for methane clumped isotope determination.
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