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ABSTRACT: Preconcentration of methane (CH4) from air is a critical sampling step in the measurement of singly and doubly
substituted isotopologue ratios. We demonstrate the potential for isotope fractionation during preconcentration onto and elution
from the common trapping material HayeSep-D and investigate its significance in laser spectroscopy measurements. By altering the
trapping temperature for adsorption, the flow direction of CH4 through the trap and the time at which CH4 is eluted during a
desorption temperature ramp, we explain the mechanisms behind fractionation affecting δ13C(CH4) and δ2H(CH4). The results
highlight that carbon isotope fractionation is driven by advection and diffusion, while hydrogen isotope fractionation is driven by the
interaction of CH4 with the adsorbing material (tending to smaller isotopic effects at higher temperatures). We have compared the
difference between the measured isotope ratio of sample gases (compressed whole air and a synthetic mixture of CH4 at ambient
amount fraction in an N2 matrix) and their known isotopic composition. An open-system Rayleigh model is used to quantify the
magnitude of isotopic fractionation affecting measured δ13C(CH4) and δ2H(CH4), which can be used to calculate the possible
magnitude of isotopic fractionation given the recovery percentage. These results provide a quantitative understanding of isotopic
fractionation during the sample preparation of CH4 from ambient air. The results also provide valuable insights applicable to other
cryogenic preconcentration systems, such as those for measurements that probe the distribution of rarer isotopologues.

1. INTRODUCTION
Methane (CH4) is the second most significant anthropogenic
greenhouse gas after carbon dioxide (CO2). Globally, the
amount fraction has increased from 0.72 ppm in preindustrial
times to 1.9 ppm in 2021.1 Emissions need to be reduced with
urgency; however there is significant uncertainty surrounding
the relative strength and the spatial and temporal variability of
specific sources and sinks.2−12 As well as renewed growth of
CH4 amount fractions, the global δ13C(CH4) trend has shifted
to more negative values, with a total globally averaged shift of
approximately 0.3‰ between 2007 and 2019.5 This isotope
ratio of atmospheric CH4 is driven by the isotopic signature
and magnitude of specific sources and the fractionation
processes of atmospheric removal. Different sources have
characteristic isotopic ratio signatures; for example, biogenic
CH4 samples from sources such as wetlands and landfill sites
are isotopically lighter in δ13C(CH4) than pyrogenic or
thermogenic fossil sources.13 Increased measurements on a
continuous basis of both isotopic signatures of sources and the
atmosphere are needed to improve our understanding of the
CH4 budget.
Currently, the prevailing technique for high precision

measurements of the CH4 isotope ratio in ambient air is

isotope ratio mass spectrometry (IRMS).14−20 IRMS allows for
very precise measurements; however, this is predominately a
laboratory-based technique where samples are collected using
flasks and brought back to the laboratory.21 Most recently,
however, semicontinuous, in situ measurements of δ13C(CH4)
and δ2H(CH4) have been made by IRMS. These measure-
ments have shown where the discrepancies between measure-
ments and models lie in terms of the accuracy of emission
inventories, demonstrating the potential of continuous, high
temporal resolution CH4 isotope ratio data.22 The caveat to
IRMS, however, is the analysis of the two major isotope ratios
in CH4 require different instruments and preparation
techniques: combustion to CO2 for δ13C(CH4) and pyrolysis
for δ2H(CH4), where operation of such an instrument requires
significant investment related to ongoing maintenance.
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Optical isotope ratio spectroscopy (OIRS) has shown a
strong potential to be able to provide high-frequency
measurements with lower maintenance requirements. How-
ever, these instruments have not been shown to match the
precision from typical IRMS methods due to poor signal-to-
noise ratio caused by the low abundance of CH4 in ambient
air.23,24 For this reason, laser spectrometers have been paired
with preconcentrator systems to concentrate the CH4 from air
and increase the signal levels. The potential for these systems
for continuous field measurements of δ13C(CH4) and
δ2H(CH4) has been demonstrated by Eyer et al.23 with
precision of 0.19‰ for δ13C(CH4) and 1.9‰ for δ2H(CH4)
and more recently by Rennick et al.24 with precisions of
0.07‰ for δ13C(CH4) and 0.9‰ for δ2H(CH4). The typical
precision of IRMS methods is <0.05‰ for δ13C(CH4) and
1‰ for δ2H(CH4). However, preconcentration comes with its
own set of challenges in terms of the large volumes of sample
needed for analysis, i.e., separation of CH4 from bulk and other
traces gases in ambient air.23,24 Incomplete transfer of CH4
from the preconcentrator to the spectrometer not only
decreases the total amount but also potentially introduces
significant bias in measured isotope ratio. This is due to
physical isotopic fractionation processes occurring during both
adsorption and desorption during the preconcentration
process. Near-complete capture is therefore essential to limit
the fractionation effects influencing the measured δ13C(CH4)
and δ2H(CH4) values.25

The porous polymer adsorbent HayeSep-D is universally
accepted as a packing material for the preconcentration of
stable volatile chemical species from ambient air. The use of
HayeSep-D allows for an increase in the detection limit and
removal of interferences for analysis of trace gases and less
abundant isotopes.15,17,19,24,26−28 Apart from HayeSep-D,
other adsorbents are also used to preconcentrate CH4 from
ambient air, such as activated charcoal.28−30 In this paper we
investigate fractionation during the various phases in the
preconcentration instrument Boreas, introduced by Rennick et
al.24 We use this system to show that the separation process
has the potential to induce fractionation effects and to quantify

these effects under various instrument operating conditions.
We show how trapping temperatures influence fractionation
effects and how a HayeSep-D based trapping system can be
optimized to limit these effects.

2. METHODS
2.1. Instrument Description. A full description of Boreas

including the design and operating parameters is given in
Rennick et al.24 Briefly, Boreas samples ∼5 L of ambient air via
a sampling pump. The sample is dried using a Nafion dryer
before entering the cryogenic trap. The trap is a 1.5 m long,
1/8 in. outside diameter stainless steel tube with the central 1
m length packed with a total of 1.6−2.4 g of HayeSep-D
porous polymer graded to 100/120 mesh and held in place
with quartz wool plugs (Restek, USA). HayeSep-D is a high
purity macroporous divinylbenzene resin that is widely used
for separation of light gases in gas chromatography. It has also
been used for cryogenic preconcentration of halogenated trace
gases,26,27 nitrous oxide (N2O),31 CH4,

23,24,28 and more
recently CH4 from large sample volumes using a second,
smaller HayeSep-D refocusing trap.32 Most of the trap tubing
is helically wound onto a hollow copper standoff that is cooled
by a Cryotel GT Stirling Cryocooler (CryoTel GT Sunpower
Inc., USA); the trap configuration is shown schematically in
Figure 1. Temperature is measured by temperature controllers
(Omega Engineering CNi32) recording the output of two
type-E thermocouples attached inside the standoff and to the
outside of the trap tubing by thermally conductive epoxy
(Omegabond 101, Omega Engineering). The tubing temper-
ature is used as a reference point for the repeatability of the
trap temperature and does not account for temperature
gradients between the ends closest to and furthest from the
cryocooler head. It also does not account for hot- and cold-
spots arising from differing contact pressures between the
tubing and standoff. This measurement is taken to be
representative of the HayeSep-D temperature, for tracking
variations between consecutive runs of the standard and air,
and is referred to as the “trap temperature” here. Trap and
standoff temperatures for the chosen Stirling temperature set

Figure 1. Left: Schematic of the trap on Boreas. The stainless-steel trap tubing is wound around a cylindrical copper standoff. The standoff is
attached to a baseplate that is connected to the cryocooler. The trap temperature is monitored via a pair of thermocouples affixed to both the trap
tubing and the inside of the standoff, located halfway down the trap, as shown by the red line. Right: Stripchart of the trap temperature shown by
the green trace (measured by the thermocouple attached midway on the outside of the trap tubing); the shaded region indicates the start and end
of the temperature ramp. The green and pink traces show the preparation volume pressure for two different instrument “runs” for the earliest and
latest delay times used in this work. The vertical dashed lines represent the delay times from two different runs (340 and 415 s), set relative to the
start of the temperature ramp indicating the valve opening time allowing the sample to transfer from the trap to the preparation volume.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.3c04891
Anal. Chem. 2024, 96, 6139−6147

6140

https://pubs.acs.org/doi/10.1021/acs.analchem.3c04891?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c04891?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c04891?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c04891?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c04891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


points shown in Figure 2 are listed in Table 1. The trap
temperature repeatability is better than 1 K at time points

compared across instrument cycles. A stripchart showing the
temperature profile of the trap is shown in Figure 1.
2.2. Trapping and Sample Transfer. The sample enters

the trap tubing at the end closest to the cryocooler and flows at
an average rate of ∼500 mL min−1 for 540 s, with the trap
continuing to cool without any active heating. After the
trapping phase, the trap is allowed to depressurize, the valve
system then switches to a flow of pure nitrogen at 6 mL min−1

while the trap is slowly heated for 720 s.
The trapping temperature during CH4 adsorption onto the

trap is dictated by the set point temperature of the cryocooler
at the end of the previous run. In addition to stepwise heating
of the trap during the run cycle (shown in Figure 1 by the
shaded region), it is also therefore essential to ensure that this
temperature, as determined by the cryocooler set point, is

optimized. Note that after trapping, the same temperature
ramp profile is used for elution irrespective of trapping
temperature. When the set point leads to a colder trap (high
power, quicker heat removal) at the end of a cycle then
trapping on the subsequent run will experience the onset of
freezing of the more volatile bulk gases. This makes it
challenging to achieve reproducible starting conditions for each
run cycle. Conversely, if the cryocooler set point leads to a
warmer trap (lower power, slower heat removal) at the end of
a run cycle, it will lead to repeatable starting conditions.
However, nonquantitative capture of the CH4 from the sample
gas becomes more likely due to the spreading of the CH4 along
the trap (as discussed in section 3.1) and subsequent
contamination of the sample by N2O. This is due to the
coelution of N2O from the trap with CH4 as a longer valve
opening time will be needed for quantitative capture of the
sample. During instrument optimization, an experiment was
conducted involving delay scans at two distinct trapping
temperatures. The thermocouple on the outside of the trap
tubing recorded −135 °C for the first delay scan and −155 °C
for the second. The maximum amount of N2O measured at
−135 °C was 72% higher than that measured at −155 °C
suggesting more N2O was eluting at the higher trapping
temperature. Note that the temperature is not actively
controlled during trapping but depends on the residual heat
load through the wiring and tubing balanced by the heat
removed by the cryocooler. The final temperature is controlled
by the cryocooler set-point and has been found to produce a
more repeatable temperature profile from run-to-run. This also
eliminates the temperature spikes caused by the power supply

Figure 2. Top: Variation in the isotope ratio δ13C(CH4) with delay time (set relative to the start of the temperature ramp indicating the valve
opening time allowing the sample to transfer from the trap to the preparation volume). The shaded region matches the delay times at which largest
amount of transfer of the CH4 sample is seen in the amount fraction data, i.e., the “stability zone” (SZ). The average value of the SZ is indicated in
the plots. Bottom: Variation in the isotope ratio δ2H(CH4) with delay time. Note that for the top and bottom panels, plots are recorded for
trapping temperatures of −165 °C, −170 °C, and −180 °C respectively. The percentage of CH4 captured (the recovery) in each delay scan run is
also indicated in the plots. The black dashed line represents the original isotopic composition of the sample gas used (for δ13C(CH4) it is −47.3‰
± 0.1‰, and for δ2H(CH4) it is −91.5‰ ± 0.6‰). Where the error bars cannot be seen, they are smaller than the plotted points.

Table 1. Corresponding Trap Temperature and Standoff
Temperature for the Individual Stirling Set Temperature for
the Data That Are Shown in Figure 2a

Stirling set point (°C) trap temperature (°C) standoff temperature (°C)
−165 −135.0 −143.6
−170 −158.8 −168.8
−180 −159.4 −169.6

aThe trap temperature is taken from an E-type thermocouple attached
to the outside of the trap tubing. The standoff temperature is taken
from an E-type thermocouple attached to the inside of the copper
standoff.
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switching when using proportional integral derivative (PID)
feedback temperature control.
The CH4 is flushed through the trap following initiation of a

temperature ramp to remove bulk gases, such as oxygen (O2)
and nitrogen (N2), before elution of CH4 into a 50 mL
preparation volume, referred to as the “sample volume” in
Rennick et al.24 (Swagelok stainless steel miniature sample
cylinder), prior to transfer to the 500 mL high-resolution dual-
laser direct absorption instrument (Aerodyne Research, Inc.,
TILDAS-FD-L2) cell. The transfer is controlled by a series of
carefully timed valve changes to direct predominantly the CH4
and N2 carrier gas to the spectrometer, with the eluant before
and after this directed to vent. The pink and blue profiles in
Figure 1 show the spectrometer preparation volume pressure
as sample enters from the trap (start of filling is denoted by the
dashed lines). The three preceding spikes in pressure (from 60
to 700 s) represent the spectrometer calibration standards
filling the preparation volume which occur at the same time in
every run cycle. The “delay time” variable is set relative to the
start of the temperature ramp and the timing is optimized in a
series of repeated trapping cycles with the delay time
systematically changed from run to run. Figure 1 shows both
the earliest and latest delay times (i.e., 340 and 415 s after the
start of the temperature ramp). In cycles where the valve
opening (delay time) is too short, the valve will close before all
CH4 has eluted and the trailing edge of the CH4 peak is
directed to the vent. When the delay time is too late, then the
leading edge of CH4 elution is directed to vent and only the
trailing edge is loaded into the spectrometer. At an optimal
delay time, the complete eluted CH4 peak is transferred to the

spectrometer. The delay time before opening is optimized and
set as an experimental parameter; however, the closing is set
automatically by a pressure set point (320 mbar) measured in
the preparation volume. The fill time typically takes around
150 s but is shorter at earlier delay times, when the trap
temperature is still low, and residual bulk gases are released
from the HayeSep-D, therefore increasing the effective flow
rate. The spectrometer is used in batch mode during normal
trapping to transfer the sample to the 500 mL cell. Batch mode
enables the cell to hold the sample for a 100 s averaging
interval. The spectrometer can, in principle, also operate in a
continuous flow mode where the sample is continuously
pumped through the cell. However, the slow flow rate of the
sample from the trap to the cell (during elution) would result
in a very low cell pressure. The spectrometer would then need
to adjust the sample flow to stabilize the cell pressure causing
variations in the trap flow rate. This would therefore be
different to the standard flow conditions of the elution into the
evacuated preparation volume, potentially changing observed
fractionation effects.
The delay time is varied in increments of between 5 and 20 s

between each run, with all other parameters identical. Figure 2
shows the results from a set of experiments as a plot of
δ13C(CH4) (top panel) and δ2H(CH4) (bottom panel) as
functions of the delay time (in 5 s intervals). This shows that
there is an optimum delay time where there is complete
transfer of captured CH4 as indicated by the shaded region.
These shaded regions, i.e., the stability zone (SZ), are taken to
be where the repeatability on δ13C(CH4) measurements is
≤±0.20‰ and ≤±2.0‰ for δ2H(CH4). Once the CH4 has

Figure 3. Variation in δ13C(CH4) and δ2H(CH4) for (a) forward flow direction when the sample can migrate along the trap tubing and (b) reverse
flow direction when the trap direction is changed and the CH4 sample can enter the preparation volume, without migrating through the trap. The
difference in the average values of isotope ratios of the SZ compared to those in Figure 2 is due to the origin of the CH4 source being different. The
black dashed line represents the original isotopic composition of the sample gas used (for δ13C(CH4) it is −51.5‰ ± 0.04‰, and for δ2H(CH4) it
is −189.1‰ ± 1.55‰). The percentage of CH4 captured (the recovery) in each delay scan is also indicated in the plots. Where the error bars
cannot be seen, they are smaller than the plotted points.
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eluted, the trap is flushed to the vent. Once 100 °C is reached,
it remains at this temperature for 300 s to allow purging of less
volatile gases (primarily H2O). The heating is then stopped,
and the trap is allowed to cool passively ready for the next run.
After the eluted CH4 is transferred to the preparation volume,
the sample is passed to a 500 mL cell for the isotopologue
abundance to be measured. After measurement, the prepara-
tion volume and 500 mL cell are evacuated and filled with
synthetic standards for instrument calibration.
2.3. Calibration and Assignment of Isotope Ratios.

The measured isotopologue amount fractions are calibrated
using primary reference mixtures (PRMs) prepared by
gravimetry from pure CH4 that is referenced to the VPDB
and VSMOW scales for δ13C and δ2H respectively. The
calibration strategy for both amount fraction and isotope ratio
for the Boreas preconcentrator is detailed in Rennick et al.24

Uncertainties on the isotope ratios in this study arise from
contributions from both the instrument precision and the
uncertainty in the calibration.
Rennick et al.24 have previously assessed the spectrometer’s

linearity across a range of amount fractions using primary
reference materials (PRMs). Two high amount fraction PRMs
with CH4 in pure N2 were used as low and high calibration
standards, and two additional PRMs were used for validation.
These calibrate the instrument for each isotopologue fraction
with the isotope ratio subsequently calculated. This calibration
approach therefore inherently corrects the amount fraction
dependence that has been seen with other calibration
approaches. The calibration standards and one validation
PRM (same parent CH4) were prepared to concentrations of
500, 550, and 626 μmol mol−1 in pure N2, while a second
validation PRM (different parent) was prepared to 600 μmol
mol−1 in pure N2. The linearity of the spectrometer has
previously been verified over this range and up to 750 μmol
mol−1, validating the two-point isotopologue calibration
scheme.24 Some measurements presented here fall below the
lowest PRM, so we calibrate these measurements by
extrapolation, and the larger uncertainty is represented in the
error bars in Figures 2, 3, and 4.
The sample gas for the experiments (called Boreas target,

abbreviated to BT) is taken from either (a) compressed whole
air reference gas filled at the Mace Head Observatory, Ireland,
using an oil free compressor following the National Oceano-
graphic and Atmospheric Administration (NOAA) procedures
for certified reference materials involving processes of cylinder
conditioning and venting before a final fill to ∼200 bar,33 or
(b) a single synthetically made reference gas of 1.8 μmol mol−1

of CH4 in pure N2 prepared gravimetrically by diluting a parent
mixture of 2.2% CH4 in N2 (N6.0, CK gases). The isotopic
composition of the whole air is δ13C(CH4) = −47.3‰ ±
0.1‰ and δ2H(CH4) = −91.5‰ ± 0.6‰ and for the
synthetic reference gas is δ13C(CH4) = −51.5‰ ± 0.04‰ and
δ2H(CH4) = −189.1‰ ± 1.55‰. IRMS analysis for
δ2H(CH4) was not possible for the compressed whole air
standard, and the value is derived from a tank comparison with
a second compressed whole air standard. The δ2H(CH4) for
the second compressed whole air standard was estimated from
the NOAA-INSTAAR record for 2005−2009 by Rennick et
al.24

The Boreas trap eluant was previously collected under
optimized conditions and analyzed to identify other major
contaminating gases.24 These gases can be concentrated and
eluted alongside CH4 but would not be detectable by the laser

spectrometer. In the previous study, the O2 amount fraction
from Boreas was determined by comparing it to National
Physical Laboratory (NPL) in-house standards, resulting in a
calculated value of 10 mmol mol−1. This results in a 0.12‰
offset in δ13C(CH4) relative to O2-free standards, assuming the
same proportionality seen in other studies.23 While stand-
ardized procedures for isotope ratio offsets have not been
established, this remains a current focus of interest within the
metrology community. In the meantime, under normal
operating conditions, we adopt a practice of measuring our
BT between every sample gas run and subsequently apply an
offset to the data, ensuring compatibility with at least one
IRMS measurement. The typical reported repeatability on
Boreas is determined by a 4-point rolling standard deviation of
BT, yielding a value of 0.048‰ for δ 13C(CH4). When
accounting for the offset correction related to O2, the
propagated standard uncertainty of δ 13C(CH4) for a sample
gas measurement is 0.070‰.

3. RESULTS AND DISCUSSION
3.1. Fractionation of 13CH4 and 12CH4. Figure 2 shows

the variation of the measured δ13C(CH4) with delay time for
three different trapping temperatures during the sampling of
BT. The top panel of Figure 2 shows a fractionation effect in
δ13C(CH4) where the eluted CH4 sample is isotopically lighter
at early delay times and heavier at later delay times. At the
optimum delay times, the aim is quantitative recovery of CH4
from the trap, therefore preventing any isotopic fractionation.

Figure 4. Variation of (a, top) δ13C(CH4) and (b, bottom)
δ2H(CH4) with fraction of sample captured for reverse flow during
elution of the trailing edge of CH4. The data are fitted using the
Rayleigh model in eq 1. Gray lines model a smaller isotopic
fractionation and black lines a larger isotopic fractionation. The delay
time in seconds for the first and last runs in the plot from the delay
scan is also indicated.
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At times earlier or later than this optimum the CH4 recovery
decreases, indicating loss of sample during the transfer, and a
change in the measured δ13C(CH4) and δ2H(CH4). At colder
trapping temperatures, the SZ extends over a larger range of
delay times, shown as the shaded regions in Figure 2. This
indicates that the duration of CH4 elution is shorter with
respect to the window of time between valve opening and
closing, i.e., a narrower CH4 elution peak.
The CH4 (and other less volatile species) will adsorb to the

trapping material in equilibrium with the gas phase. The rate at
which CH4 moves through the trap during trapping and
elution can be approximated in a similar form to the two-phase
model of gas chromatography.34 CH4 is strongly bound to the
HayeSep-D (i.e., stationary phase), and the flow of bulk gases
acts as a carrier gas driving advection-diffusion. During elution,
the carrier gas is changed to the slow flow of pure N2, and the
increased temperature moves the CH4 equilibrium into the gas
phase. At higher trapping temperatures, the equilibrium
between the adsorbed and gaseous phases of CH4 moves
towards the gas phase, and the rate of transport through the
trap increases. This results in a wider elution peak that causes
the effect seen in Figure 2 where the stability region is shorter
for higher trapping temperatures.
The variation in δ13C(CH4) of the eluted CH4 arises from

small differences in the transport rate of the 12CH4 and 13CH4
isotopologues during both trapping and elution. Given the
difference in mass between 12CH4 and 13CH4 isotopologues,
variation in δ13C(CH4) with delay time and trapping
temperature is likely driven by the mass dependence of the
diffusivity. 12CH4 and 12CH3

2H differ in both mass and the
hydrogen isotope available to interact with the HayeSep-D
surface, so a more complex variation in δ2H(CH4) with delay
time and trapping temperature could be expected. This is due
to differences in both diffusivity and the nature of the
adsorption interaction (section 3.2). The fractionation in
carbon isotopes observed at the leading and trailing edges of
the CH4 elution peak can be conceptually described in terms of
transport of CH4 through the packed trap tubing during the
two experimental phases of trapping and elution. The variation
of the diffusivity D for gases with temperature and molecular
weight is approximated for gases by the Chapman−Enskog
equation.35 This predicts that the diffusivity for 13CH4 in N2 is
2% lower than for 12CH4 under the conditions expected in the
trap tubing. Because lighter 12CH4 isotopologues are trans-
ported by the carrier gas more rapidly than the 13CH4
isotopologues, there is fractionation at the leading and trailing
edges of the elution peak. This results in a more negative
δ13C(CH4) measured at short delay times and a more positive
value measured at longer delay times. It is important to note
that this is not chemical fractionation as no CH4 is produced or
consumed.
At −165 °C only a small SZ is evident, and the

measurements are all shifted to heavier values (the value of
δ13C(CH4) of the compressed whole air is −47.3‰ ±
0.10‰). This is likely due to a significant proportion of CH4
eluting before the earliest delay time used in this set of
experiments. There is, however, still a plateauing of the
measurement at ∼365 s owing to the majority of CH4 eluting
around this time, albeit with a heavier average ratio. The
isotopic SZs at −170 and −180 °C are clear and very close to
the isotopic composition of the original sample gas. The
isotopic composition of the SZ of the −180 °C experiment is
not significantly different to that of the sample gas (within the

standard error). The −170 °C experiment shows a significant
difference of 0.40‰, toward heavier values, compared to the
sample gas. This is again likely due to a small fraction of the
CH4 eluting before the earliest delay time. The SZs for the
experiments span three delay scan runs for the −165 °C
compared to four for the −170 °C and eight for the −180 °C
experiments. We verified that CH4 had not broken through
during trapping by conducting experiments at very early delay
times (150−200 s). At the earliest delay time, when the trap
flow was in the same direction for trapping and elution, no
CH4 could be detected. This indicates that only negligible
amounts could be lost earlier in the instrument cycle, i.e.,
during trapping.
As explained in previous work by Eyer et al.23 and Rennick

et al.,24 the coelution of the bulk gases with CH4 can cause
matrix effects in spectroscopic measurements of the isotope
ratios of carbon. Figure 3a shows that the general behavior of
fractionation of isotopes from the synthetic mixture (CH4 in
pure N2) is very similar to that of CH4 from BT shown in
Figure 2. The average value of δ13C(CH4) of the SZ differs in
Figure 3a compared to Figure 2 as the CH4 originates from a
different source (certified values of δ13C(CH4) and δ2H(CH4)
for the CH4 in N2 used in Figure 3a,b are −51.5‰ ± 0.04‰
and −189.1‰ ± 1.55‰ respectively).
The earlier delay times are when the majority of the bulk

gases, i.e., N2 and O2, elute due to their lower boiling points
relative to CH4. Therefore, isotopic compositions measured at
the earliest delay times are more likely to be affected by O2
interferences. For the experiments shown in Figure 2 (using a
whole air matrix gas), the −165 and −180 °C runs had an
offset of 2.6‰ and 3.3‰, respectively, from the assigned
isotopic composition of the compressed whole air for the
earliest delay time (340 s and 295 s, respectively). The −170
°C experiment saw an offset of 12.3‰ for the earliest delay
time (340 s), however the recovery was only 30.3% compared
to 56.2% and 70.8% for the −165 °C and −180 °C
experiments, respectively. The larger offset is therefore
attributed to fractionation effects due to the smaller amount
of CH4 recovered. Using a pure N2 matrix gas, Figure 3a shows
a similar CH4 percentage recovery as the −165 and −180 °C
experiments in Figure 2. At the earliest delay time (280 s) the
CH4 recovery using the pure N2 matrix gas was 50.2% with a
δ13C(CH4) value of −54.3‰. The fractionation seen in the
earliest delay time in Figure 3a is due to the incomplete
recovery of CH4, as a pure N2 gas matrix is used so eliminating
O2 interference. The δ13C(CH4) offset from the assigned value
of the CH4 N2 is 3.2‰. The offset observed for the pure N2
gas matrix is only 0.1‰ larger than that seen in the −180 °C
experiment using a compressed whole air matrix gas and is
larger (by 0.6‰) than the offset seen in the −165 °C
experiment, again, with a whole air gas matrix. This indicates
that the effects of the gas matrix (and therefore O2
interferences) are insignificant in this study.
3.2. Fractionation of 12CH4 and 12CH32H. The measured

variation in δ2H(CH4) with delay time is also plotted in Figure
2 (bottom panel). At short delay times the δ2H(CH4) values
measured on the leading edge of the CH4 peak are heavier, i.e.,
enriched in 12CH3

2H; however, a lighter isotope signature is
not evident on the trailing edge. The effect on the leading edge
is the opposite to that observed for δ13C(CH4). The transport
rate of CH4 along the trap is influenced by the velocity of the
carrier gas and the interaction strength of CH4 with the
stationary phase. For a purely mass-dependent physical
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process, the speed of 12CH3
2H through the trap would be

similar to 13CH4 and both would show a similar trend in
isotope ratio with delay time. However, it is the hydrogen
atoms that have the adsorption interaction with the adsorption
surface.
An isotopic fractionation effect is also seen in gas

chromatography where the substitution of hydrogen with
deuterium in a hydrocarbon leads to the molecule becoming
less hydrophobic, more lipophilic, or polar.36 Bermejo et al.37

used various chlorinated mixtures of dimethylbenzene and
their deuterated counterparts separated via a capillary GC with
different polarity stationary phases. Separation of CH4 from
12CH3

2H has also been achieved on a GC column38 and
investigated for metal−organic framework layers and mem-
branes.39 In all outcomes, the deuterated product eluted from
the column before the nondeuterated counterpart and was not
affected by polarity of the stationary phase (i.e., the material of
the GC column). This was attributed to the shorter
internuclear distance in the 13C−2H versus 13C−1H bond,
leading to a more compact electron distribution and therefore
a decrease in electronic polarizability. It has been suggested the
inverse isotopic effect on noncovalent interactions is mainly
due to the difference in length of the 13C−1H and 13C−2H
bonds and to the changes in the physical properties of a
molecule upon deuteration such as polarity and molecular
volume.36

This hypothesis of physisorption driving the isotopic
fractionation can explain the stability (i.e., lack of heavier
measurements at later delay times) in the δ2H(CH4)
measurements later in the elution profile. The later elutions
occur at higher temperatures that would either (a) mobilize all
remaining CH4 into the gas phase irrespective of isotopic
composition (equilibrium completely shifts to the gas phase)
or (b) provide sufficient energy in the system to remove the
kinetic barrier of desorption across all isotopologues.
3.3. Reverse Trap Flow. Under normal operating

parameters, sample gases are directed through the trap from
the end closest to the cryocooler, and reversal of flow only
occurs after full elution of CH4 in order to recondition the trap
ready for the following run. To investigate the dominant
fractionation influence, however, the CH4 sample was
introduced into the trap in the normal direction but flow
direction was reversed for CH4 elution (forward trapping,
reverse elution) i.e., the CH4 eluted without traveling through
the trap. Due to the prevalent challenge of matrix and direct
interferences on measurement of the isotopologues, the
experiment was conducted with the synthetic mixture of
CH4 in a N2 matrix. This was to enable the results to be
unaffected by any potential matrix gas and spectral
interferences, which could be introduced using a compressed
whole air sample gas. In Figure 3 the delay scan for this reverse
elution experiment shows the opposite trend of δ13C(CH4)
with delay time compared to forward elution. Loading the
sample into the spectrometer at early delay times results in a
more positive δ13C(CH4), i.e., enriched in 13CH4. This is
evidence that the mass-dependent fractionation behavior of the
12CH4 and 13CH4 isotopologues is occurring during the
trapping phase, rather than during the elution phase.
The enrichment with 12CH3

2H for the early eluted samples
during reverse flow, however, is consistent with results from
the forward flow experiments. At very late delay times,
however, an enrichment in the lighter isotopologue is evident,
unlike in the forward flow elution runs. As CH4 does not need

to travel through the trap, it is eluted much faster during
reverse flow directions when temperatures are significantly
lower at earlier times in the temperature ramp. We hypothesize
that at these lower temperatures during elution in the reverse
direction, stronger isotopic fractionation is induced, which we
attempt to describe quantitatively in section 3.4.
The average values of δ13C(CH4) and δ2H(CH4) in the

stability zones differ between Figure 3a and Figure 3b. The
offset is seen between the certified value (−51.5‰ ± 0.05‰)
and measured eluted CH4 in Figure 3b. This again is likely due
to a significant amount of CH4 eluting before the earliest delay
time, as seen with the shift of δ13C(CH4) in Figure 2 for the
−165 °C experiments. However, unlike with the forward flow
direction, where the shift is toward heavier δ13C(CH4) values,
the shift in δ13C(CH4) is toward lighter values for Figure 3b.
This can be attributed to the fact that in the reverse direction,
at earlier delay times, heavier sample will elute first, as it does
not need to diffuse along the trap. The relative shift in the
average value of the SZ for δ2H(CH4) for Figure 3b is to
lighter values, which is the same behavior observed for the
−165 °C experiment in Figure 2. This is further evidence that
for earlier delay times some CH4 has already eluted. The shift
in δ2H(CH4) to lighter values for both trap directions can best
be attributed to a weaker adsorption of 12CH3

2H to the
HayeSep-D.
3.4. Rayleigh Fractionation Model. The experimental

results shown in Figures 2 and 3 are measuring either a) the
CH4 eluted from the trap first (with the remaining CH4 still on
the trap) or b) the CH4 remaining on the trap (where the
preceding CH4 has eluted previously at earlier delay times).
Therefore, the fractionation can be modeled by the Rayleigh
equation as consisting of two reservoirs in an open system
(once CH4 leaves the trap the separation of gas phase and
adsorbed phase is irreversible).40 The Rayleigh model is fitted
to CH4 in pure N2 and under conditions of reverse flow during
elution (Figure 3b). This experiment represents the most
“ideal” trapping conditions with no interferences from bulk
gases and reduced effects of fractionation during transport
through the HayeSep-D column length.
We use the following form of the Rayleigh equation:40

=R R fL 0
1

(1)

where RL is the isotope ratio (13C/12C or 2H/1H) measured for
later delay times (i.e., of the CH4 left on the trap), R0 is the
isotopic composition (13C/12C or 2H/1H) of the original
starting material before any separation (that of the synthetic
mixture of fossil-fuel derived CH4 at ambient amount fraction
in a N2 matrix), f is the ratio of the amount remaining on the
trap to the total starting amount of CH4, and α is the
fractionation factor.
At earlier delay times (where a portion of the trailing edge of

the CH4 peak is not captured) the two reservoirs are (i) the
CH4 transferred to the spectrometer (1 − f) and (ii) the CH4
remaining on the trap ( f). At later delay times (where a
portion of the leading edge of the CH4 peak is not captured),
the two reservoirs are (i) the CH4 already eluted to vent before
opening the spectrometer valve (1 − f) and (ii) the CH4
transferred from the trap to the spectrometer later in the
temperature ramp ( f). The CH4 eluted to vent represents the
CH4 leaving the trap first, characterized by a lighter isotopic
composition. This portion is vented as the spectrometer’s valve
remains closed off from measurement. Conversely, the CH4
transferred from the trap to the spectrometer represents the
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CH4 remaining on the trap, characterized by a heavier isotopic
composition. It would not have been measured had the
spectrometer’s valve been opened earlier, as it would have
remained on the trap while the lighter material was eluting.
Figure 4 shows the Rayleigh model fitted to the experimental

data from Figure 3b for the later delay times using eq 1. The
data were fitted using fractionation factors for large
fractionation (α further from 1) and small fractionation (α
closer to 1). Particularly, for δ2H(CH4) in Figure 4 it can be
seen that earlier in the elution (when most of the CH4 is
captured, earlier delay time, f closer to 1) the measurements
follow from a higher degree of isotopic fractionation (curve
with α = 0.8); however, CH4 later in the elution follows a less
steep fractionation curve. This can be attributed to the effect of
temperature on isotopic fractionation: earlier in the temper-
ature ramp, the fractionation is larger as the temperature is
lower.

4. CONCLUSIONS
We have investigated the fractionation of CH4 stable isotopes
in our cryogenic preconcentrator system for optical analysis of
δ13C(CH4) and δ2H(CH4). We have quantified the fractiona-
tion effects observed during preconcentration onto and elution
from a HayeSep-D packed trap, and the results identified a
range of transfer times for three different trapping temper-
atures where quantitative transfer of samples is achieved.
Incomplete transfer shows not only a lower amount fraction
but also a systematic shift in the measured δ13C(CH4) and
δ2H(CH4). We describe this fractionation effect at the leading
and trailing edges of the CH4 elution peak. For δ13C(CH4) the
leading edge is enriched in the lighter 12CH4 isotopologue, in
line with a kinetic diffusion driven effect. Explaining the
fractionation affecting δ2H(CH4) is more challenging as the
mass-driven effects compete with the difference in adsorption
bond strength of 12CH3

2H to the stationary phase compared to
12CH4 which results in an apparent inverse isotopic effect than
would be expected considering only the mass difference.
Additionally, we conducted comparisons between the

measured isotope ratios of sample gases and their known
isotopic composition, revealing insignificant effects of the gas
matrix including O2 interferences for the chosen delay times.
Furthermore, utilizing an open-system Rayleigh model, we
analyzed the δ13C(CH4) and δ2H(CH4) isotope ratio
measurements of CH4 in an N2 matrix sample gas. This is
done at different transfer times during reversed elution flow,
and results show a greater fractionation during early CH4
elution compared to later stages. These findings provide
insights into the fractionation dynamics and gas matrix effects
in preconcentration systems, contributing to our under-
standing of stable isotope ratio analysis methodologies.
For ambient air analysis, the use of laser based systems (with

preconcentration sample preparation) to achieve high
precision CH4 isotope ratio analysis and high resolution
IRMS measurements for multiply substituted CH4 isotopo-
logue ratios are growing analytical fields.23,24,32,41,42 Both of
these new areas of study rely on rigorous artifact-free sample
preparation. This work highlights the tolerances for CH4
recovery in cryogenic trapping systems when measuring
isotopic ratios at high precision and suggests the mechanisms
behind isotopic fraction which could help in the design of
future sample preparation methods for minimizing isotopic
fractionation before analysis.
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