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Effects of GC temperature and carrier gas flow
rate on on-line oxygen isotope measurement as
studied by on-column CO injection
Zhi-Gang Chen,a,b Xi-Jie Yinc* and Youping Zhoud,e
Although deemed important to δ18O measurement by on-line high-temperature conversion techniques, how the GC conditions
affect δ18Omeasurement is rarely examined adequately.We therefore directly injected different volumes of CO or CO–N2mix onto

the GC column by a six-port valve and examined the CO yield, CO peak shape, CO–N2 separation, and δ18O value under different
GC temperatures and carrier gas flow rates. The results show the CO peak area decreases when the carrier gas flow rate increases.
The GC temperature has no effect on peak area. The peak width increases with the increase of CO injection volume but decreases
with the increase of GC temperature and carrier gas flow rate. The peak intensity increases with the increase of GC temperature
and CO injection volume but decreases with the increase of carrier gas flow rate. The peak separation time between N2 and CO
decreases with an increase of GC temperature and carrier gas flow rate. δ18O value decreases with the increase of CO injection
volume (when half m/z 28 intensity is <3V) and GC temperature but is insensitive to carrier gas flow rate. On average, the δ18O
value of the injected CO is about 1‰ higher than that of identical reference CO. The δ18O distribution pattern of the injected
CO is probably a combined result of ion source nonlinearity and preferential loss of C16O or oxygen isotopic exchange between
zeolite and CO. For practical application, a lower carrier gas flow rate is therefore recommended as it has the combined
advantages of higher CO yield, better N2–CO separation, lower He consumption, and insignificant effect on δ18O value, while a
higher-than-60 °C GC temperature and a larger-than-100μl CO volume is also recommended. When no N2 peak is expected, a
higher GC temperature is recommended, and vice versa. Copyright © 2015 JohnWiley & Sons, Ltd.
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Introduction

The large relative mass differences between their isotopes and thus
wide natural range of their isotopic compositions (isotopic ratios)
make the isotopes of light elements (e.g. C, H, O, N, and S) favorite
natural tracers in a wide range of studies.[1–3] The isotopic composi-
tion of light elements is usually measured by isotope ratio mass
spectrometer (IRMS), which requires converting the interested ele-
ments into a suitable analyte gases first. The technique of analyte
gas preparation and introduction has evolved from offline conver-
sion and dual-inlet introduction prior to the 1980s to now-popular
on-line continuous flow (CF) introduction with carrier gas, which
is accomplished by elemental analyzer (EA) for nitrogen,[4]

carbon,[5] or sulfur,[6] and high-temperature conversion (HTC) for
oxygen[7] or hydrogen[8] isotopes. Although the on-line CF tech-
nique has the combined advantages of easy operation, high
throughput, minimal sample amount requirement, and suitability
to multi-types of samples (especially for oxygen),[9,10] it does have
the easily ignored on-line isotope fractionation and contamination
issues. A lack of knowledge of such problems may compromise the
quality of isotopic data.[11]

For oxygen isotope analysis by HTC, the oxygen in the sample is
first pyrolytically converted to analyte gas CO in a high-temperature
reactor and further separated from other gases such as N2, CO2, and
H2 on a GC column, usually a 5-Å molecular sieve (zeolite). After
eluting from the GC column, the CO is transferred into an IRMS
via an open-split interface for oxygen isotope ratio measurement.
J. Mass Spectrom. 2015, 50, 1023–1030
The conversion and separation processes are the most likely steps
where isotopic fractionation can occur. Although there are many
studies on the effects of conversion process on the oxygen isotope
measurement,[9,12–15] there are very few studies on the effect of
the separation process. Theoretically, the GC conditions can affect
the CO yield, peak shape, gas separation, and even the isotope
exchange between the adsorbent and adsorbate. Indeed, many
studies have shown that GC can lead to carbon isotope frac-
tionation[1,16,17] and GC conditions have significant influences on
the δ13C[14,18,19] and δ15N measurements.[20] For the commercially
available 5-Å molecular sieve (zeolite)-based column whose physi-
cal properties are factory-set, GC temperature and carrier gas flow
Copyright © 2015 John Wiley & Sons, Ltd.
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rate are the only two adjustable parameters. At present, the applied
GC temperature varies from room temperature to 90 °C, and the
carrier gas flow rate varies from 60 to 120ml/min among different
laboratories.[21–25] The lack of consensus about the optimal GC con-
ditions and their effects on δ18O measurements warrants further
studies reported in this paper. We addressed this issue by injecting
COor CO–N2mix directly onto GC column (on-column injection) via
a six-port valve on an HTC system we previously used.[12] This way,
we effectively bypassed the HTC process, allowing us to gauge the
effects of GC column conditions on oxygen isotopic measurements.
We specifically investigated the effects of sample amount, GC
temperature, and carrier gas flow rate on CO yield, CO peak shape,
CO–N2 separation, and δ18O value.
Experimental

Material

The measurement system is the same one we used to measure
HTC oxygen yields of organic and inorganic solids by on-column
CO injection.[12] Briefly, it comprises a six-port injection valve, a
TC/EA unit (HTC unit), a ConFlo III open-split interface, and an
IRMS.
The HTC system used in this study is a Flash HT (1112 Series) –

Delta V Advantage (Thermo Fisher) (Fig. 1(c, d, and e)). The working
gas is high-purity CO (99.9999%) with δ18OVSMOW=8.8‰, which is
calibrated by two international oxygen isotope reference materials,
i.e. the IAEA-601 benzoic acid (δ18OVSMOW=23.2‰) and Ag3PO4

(δ18OVSMOW=21.7‰) (Elemental Microanalysis Ltd, Part No:
B2207, Certificate No: BN180097). The carrier gas is He (99.9999%).
The GC column used in this study is a stainless-steel tube (1.0m,
10mm o.d., SA990724, SANTIS) filled with 5-Å molecular sieve.
The model of open-split is ConFlo III. The six-port valve is of the
Figure 1. The configuration of the HTC system used in this study as modified

wileyonlinelibrary.com/journal/jms Copyright © 2015 Joh
manual operation type of VICI (MNK250414), and the sizes of the
sample loops are 50, 100, 250, and 500μl, respectively.
Configuration of the measurement system

One port of the six-port valve is connected to the GC column di-
rectly (Fig. 1(a, b)). The six-port valve is also connected to the He car-
rier gas cylinder and CO working gas cylinder (or a CO–N2 mix
airbag for the ‘second experiment’ as described later in the text).
A CO valve is placed between the CO working gas cylinder and
the six-port valve (Fig. 1(a, b)). After the third reference peak is
eluted (Fig. 1(e)), the CO valve is first opened to fill the sample loop
with CO (‘CO sampling’, Fig. 1(a)); after that, the CO valve is closed,
and the six-port valve is switched on immediately, allowing the car-
rier gas to flush the CO from the sample loop into the GC column
(‘CO injecting’, Fig. 1(b)). Then the CO flows into the IRMS via the
sample open-split interface (Fig. 1(c)). The sample open-split has
two modes (‘dilution on’ and ‘dilution off’, which will be introduced
in more detail in the later section). In this study, all the experiments
were carried out under the ‘dilution off’mode. The CO of the refer-
ence peak comes directly from the working gas cylinder and flows
into the IRMS from the reference open-split (Fig. 1(c)). Throughout
this paper, the CO that flows into the IRMS through the reference
open-split and its peak or δ18O value is referred to as ‘reference
CO’ to differ from the on-column injected CO, which is referred to
as ‘injected CO’. The δ18O value is processed by the software
ISODAT 3.0. An empty airbag is connected to the CO vent of the
six-port valve to collect the toxic surplus of CO.
Methods

Wedesigned three experiments. The first experiment was designed
to study the effects of sample amount, GC temperature, and carrier
from Yin and Chen.[12]
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gas flow rate on CO yield, peak shape, and δ18O value; we varied the
CO injection volume (50, 100, 250, and 500μl), carrier gas flow rate
(60, 77, and 100ml/min), and GC temperature (60, 85 and 100 °C)
and analyzed the CO yield, peak shape, and δ18O value.

The second experiment was designed to study the effects of GC
temperature and carrier gas flow rate on the separation of CO and
N2. Prior to injection, wemixed CO and N2 in a ratio of 2 : 1 (v : v) in a
clean and evacuated airbag and connected the airbag to one port
of the six-port valve, which was connected to the CO valve and
CO working gas cylinder in the ‘first experiment’. Except the filling
of the sample loop was accomplished by gently pressing the CO–
N2 mix airbag, the rest of the procedures are the same as the ‘first
experiment’. The experiment was conducted with one injection vol-
ume (50μl), four different carrier gas flow rates (50, 60, 70, and
80ml/min), and five different GC temperatures (30, 35, 43, 50, and
60 °C).

The third experiment was designed to study the effect of refer-
ence peak intensity on its δ18O value. We took the advantage of-
fered by the ISODAT 3.0 ‘Reference ON and OFF’ method editor
to measure the δ18O value of reference peak repeatedly: When a
reference peak is eluted, the pressure of theworking gas is adjusted
manually through the ConFlo III immediately while keeping the
peak width stable (Fig. S2). This method is essentially the same as
the ‘linearity test’ described in the instrumentmanual. The intensity
of the reference peak used to calculate the δ18O value of reference
peaks was similar to the one used for the injected CO.

For all three experiments, following each instrumental restart,
δ18O value measurement was attempted only after the standard
deviation of the repeated δ18O measurement of reference peaks
(with stable intensity) is better than 0.06‰.
Results and discussion

Effects of GC conditions on the CO yield

High oxygen yield is important for precise isotopic measurement,
and it is controlled by the HTC process and post-HTC process. Until
now, most of the related studies are mainly focused on the
former.[12] We therefore injected different volumes of CO onto the
GC column and studied the CO yield of the post-HTC process under
different GC temperatures and carrier gas flow rates (the ‘first ex-
periment’). Because the CO gas in the open-split is open to ambient
air (discussed in the succeeding text) (Fig. 1(c)) and the efficiency of
ionization and detection is unknown, it is difficult to determine the
Figure 2. The relationship between CO peak area and He flow rate.
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absolute CO yield; thus, we used the CO peak area as a substitute of
CO yield as it is proportional to the latter.

Figure 2 shows the relationship between the CO peak area and
carrier gas flow rate. It is clear that the CO peak area decreases
linearly with carrier gas flow rate; the larger the CO injection volume
is, the larger the decrease rate is. By extrapolating, we can see when
the carrier gas flow rate approaches 160ml/min, the CO peak area
approaches zero for all CO injection volumes. Figure 2 also shows
that the GC temperature has little effect on the CO peak area. We
believe it is the ConFlo III open-slit that causes the observed de-
crease of CO peak area with an increasing carrier gas flow rate.
The ConFlo III has two open-splits, one for sample gas and the other
for reference gas. The sample open-split is made up of a cell and
three capillaries (Fig. 1 (c)).[26] The capillary on the right is the IRMS
capillary, which delivers the sample gas into the IRMS. The one in
the middle is the He capillary, which can move up and down under
the control of the ISODAT 3.0 software. When the He capillary
moves down, the open-split is in the ‘dilution on’ mode; that is,
the He from the He capillary can blow most of the sample gas out
of the cell, and only a small portion of the sample gas can flow into
the IRMS. When the He capillary moves up, the open-split is in the
‘dilution off’ mode; that is, the He from the He capillary can form
a He atmosphere at the top of the cell to protect the sample gas,
and a larger portion of sample gas can flow into the IRMS. The
sample gas that elutes from the GC column flows into the sample
open-split through the sample capillary, which is positioned on
the left side and deeper than the IRMS capillary. The reference
open-split, which directly delivers the working gas into the IRMS,
is similar to the sample open-split. The only difference between
the two (open-slits) is in the capillary that moves: In the case of
the sample open-split, themoving capillary is the He capillary, while
in the reference open-split, it is the CO capillary (Fig. 1 (c)).

After leaving the GC column, the gases first pass a pneumatic
valve (Fig. 1 (c)), which diverts most of the gases at a stable ratio
(81/81.5 when ‘dilution on’, 73.5/81.5 when ‘dilution off’).[26] Be-
cause the flow rate of the IRMS capillary (~0.3ml/min) is stable
and lower than that of sample capillary,[26] even in the ‘dilution
off’ mode, a portion of sample gas will flow out of the cell and will
be lost to the ambient air. Therefore, when the carrier gas (sample
capillary) flow rate increases, more sample gas will be blown out
of the cell, leading to a decrease of the CO peak area. As larger
CO injection volume will have a higher CO concentration, longer
residence time in the cell, and proportionally more CO being blown
out, a larger decrease rate in CO peak area will be expected.

Effects of GC condition on the CO peak shape

Although peak shape is very important for the precise isotopic
composition measurement and is knowingly affected by the GC
conditions,[20] relevant study (in particular 5-Å molecular sieve-
based GC) is surprisingly rare. We investigated the effect of GC
column temperature and carrier gas flow rate on the two indicators
of peak shape, i.e. CO peak width and intensity, by injecting differ-
ent volumes of CO onto the GC column (the ‘first experiment’). The
results are presented in Figs 3 and 4.

For the effects of GC temperature, the results show that the CO
peak (m/z 28) width decreases with the increase of GC temperature
but the rate of decrease is insensitive to both the carrier gas flow
rate and CO injection volume (Fig. 3). The CO peak intensity in-
creases with the increase of GC temperature, and the rate of in-
crease is higher when CO injection volume is larger (Fig. 4). For
the effects of GC temperature on peak width, Jennings remarked
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Figure 3. The relationship between the m/z 28 peak width and the three
GC temperatures (60, 85, and 100 °C) tested in this study.

Figure 4. The relationship between them/z 28 peak intensity and the three
GC temperatures (60, 85, and 100 °C) tested in this study.

Figure 5. The relationship between CO–N2 peak separation time and He
flow rate.
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‘Consideration of van Deemter equation makes it apparent that
temperature effects will be interrelated and that the precise overall
result of a temperature change is not easily defined’.[27] On the con-
trary, our results clearly show that under the conditions used in this
study (He as the carrier gas and 5-Å molecular sieve as stationary
phase), an increase of GC temperature leads to a decrease of CO
peak width. Similar decrease rate (Fig. 3) indicates that the effect
of temperature on the CO peak width does not depend on the
CO injection volume and carrier gas flow rate. For a given carrier
gas flow rate and CO injection volume, the CO peak areas are stable
for different GC temperatures (Fig. 2). Because peak area is roughly
the product of peak width and peak intensity, a decrease in peak
width should lead to a corresponding increase in peak intensity.
This is confirmed in Fig. 4.
For the effects of carrier gas flow rate, Figs 3 and 4 show that at a

given GC temperature and CO injection volume, both CO peak
width and intensity decrease with the increase of carrier gas flow
rate. This is against the prediction that peak width and intensity
should show opposite relationships with carrier gas flow rate under
the assumption that there is no CO loss. At the same time, the van
Deemter equation shows that the peak width at first decreases with
the increase of carrier gas flow rate (controlled by molecular diffu-
sion process); however, after peak width reaches the narrowest
wileyonlinelibrary.com/journal/jms Copyright © 2015 Joh
point, it begins to increase with the increase of carrier gas flow rate
(controlled by mass transfer processes).[27] We believe these
discrepancies are the result of CO loss occurring in the open-split
(as discussed in the preceding text): Higher CO loss at higher carrier
gas flow rate overran the effect of carrier gas flow rate on the
molecular diffusion process and mass transfer process.

The peak intensity/width ratio can be used to describe the peak
shape. A higher intensity/width ratio means a sharper peak and a
more precise δ value.[20] Figure S1 shows the relationship between
the GC temperature and the COpeak intensity/width ratio. It is clear
that the ratio increases with the increase of the GC temperature,
with a higher increase rate at larger CO injection volume, while
the carrier gas flow rate has little influence on it. So, although both
the GC temperature and carrier gas flow rate can influence the CO
peak width and intensity, the intensity/width ratio is mainly con-
trolled by the GC temperature.

Effects of GC condition on CO–N2 separation

N2 is known to have significant interference on the δ18O measure-
ment because of the isobaric effect of NO+ (14N16O+) it may form
(with O) in the ion source, which can lead to an erroneous higher
signal for 12C18O+ (m/z 30).[28,29] Many methods have been used
to circumvent such an issue, such as diverting the N2 peak to waste
by a four-port valve,[23,24,28,30,31] diluting N2 via the ‘He dilution’
technique of the ConFlo open-split,[24,29,31] trapping the CO with a
5-Åmolecular sieve column,[32,33] and inserting a CO reference peak
between the peaks of N2 and CO.[29] However, these methods are
catered for samples that have high nitrogen content and require
large N2–CO peak separation time. For samples with no or low
nitrogen content, the N2-associated

14N16O+ isobaric effect can be
resolved simply by enlarging N2–CO peak separation time, which
in turn can be accomplished chromatographically only by optimiz-
ing the GC conditions. Unfortunately, relevant study on the separa-
tion conditions of CO and N2 by a 5-Å molecular sieve column is
scarce.[24,34] We therefore conducted the second experiment by
injecting N2–CO mix onto the GC column and studied the peak
separation time between N2 and CO (the time difference between
the end of N2 peak and the start of CO peak) under different GC
temperature and carrier gas flow rate conditions. The results are
shown in Fig. 5.

It is clear that with the increase of the GC temperature and carrier
gas flow rate, the peak separation time decreases steadily. Because
n Wiley & Sons, Ltd. J. Mass Spectrom. 2015, 50, 1023–1030



Effect of GC condition on oxygen isotope analyses

Journal of 

 MASS 
 SPECTROMETRY
both carrier gas flow rate and GC temperature are inversely corre-
lated with the retention time of the gas in the GC column,[35] an
increase in GC temperature or carrier gas flow rate will lead to a
larger decrease in retention time for the longer retention time
peaks (than the shorter retention time peaks), therefore reducing
the retention difference (separation time) between peaks. Although
peak width decreases with increasing GC temperature and carrier
gas flow rate (Fig. 3), which may lead to an increase in the separa-
tion time between two peaks, the unequal decrease in retention
times between the two peaks offsets such (separation time) in-
crease and leads to a final shortening of the separation time
between the two peaks.

Our results are consistent with the findings that separation of CO
and N2 at 70 °C and 0.85 bar (carrier gas pressure, which is propor-
tional to carrier gas flow rate) is better than that at 90 °C and
1.0bar.[34] Accoe et al. also found that the GC temperature of
20 °C is the optimal setting for N2–CO separation, but their optimal
He flow rate is a little bit higher (90ml/min).[24] Thus, it can be con-
cluded that a higher GC temperature produces a better peak shape
but worse N2–CO separation (and vice versa), while a lower carrier
gas flow rate gives acceptable peak shape and better separation.

One should note that the HTC by-products of the nitrogen-
bearingmaterial also include other gases such as hydrogen cyanide
or cyanogen. As these by-products can degrade the GC column
performance and affect ionization efficiency as they enter the IRMS
ion source,[15,31] so it is better to remove them (by trapping or di-
verting) before the GC column. However, this is beyond the scope
of the current study.

Effect of sample amount on the δ18O value

Some studies found δ18O value to vary with sample amount,[19,36–40]

a phenomenon usually referred as ion source nonlinearity. Most
studies show a positive relationship between δ18O value and sam-
ple amount,[19,38–40] while others show a negative relationship,[36]

and a few more show both positive and negative relationships.[37]

In this paper, we give a detailed study about the relationship be-
tween δ18O value and sample amount (the ‘first experiment’).
The results are shown in Fig. 6.

The upper part of Fig. 6 shows the result of the injected CO. Note
that we used the halfm/z 28 peak intensity to approximate itsmean
intensity. For comparison, the effects of reference intensity to the
Figure 6. The relationship between the δ18O value and m/z 28 peak
intensity (for the reference CO) or half m/z 28 peak intensity (for the
injected CO). The stars at the lower part of the figure represent the
reference CO; all the other symbols represent the injected CO.

J. Mass Spectrom. 2015, 50, 1023–1030 Copyright © 2015 John
δ18O value of reference peak were also studied (the ‘third experi-
ment’). The results are shown in the lower part (represented by
the empty stars) of Fig. 6 (see also Figure S2 for themass chromato-
gram). It is clear when the half m/z 28 peak intensity is low (<3V),
the δ18O values of both injected CO and reference CO decrease
with the increase of intensity (Fig. 6). However, when the half m/z
28 peak intensity is above 3V, the δ18O values tend to be stable.
Because the reference CO comes directly from the CO working
gas cylinder (Fig. 1(c)) and the GC conditions were kept unchanged
during the δ18Omeasurement of reference CO, the inverse relation-
ship between δ18O value and peak intensity of the reference CO
should be the result of ion source nonlinearity. Similarly, the inverse
relationship for the injected CO should be at least partially caused
by the same ion source nonlinearity too. Because the nonlinearity
is nearly absent when the half m/z 28 peak intensity is above 3V,
so this value is recommended for better δ18O measurement
precision. It is also clear that the δ18O value of injected CO is about
1‰ higher than that of reference CO. We will discuss the cause of
such discrepancy in the last section.

Effect of carrier gas flow rate on the δ18O value

Figure 7 shows the relationship between the δ18O value and carrier
gas flow rate. Except for the analyses conducted with 50 and 100μl
injection volumes at GC temperature of 60 °C, the δ18O value does
not vary with the carrier gas flow rate. Because the CO peak inten-
sity decreases with the increase of carrier gas flow rate (Fig. 4), and
the δ18O value increases with the decrease of CO peak intensity
(when halfm/z 28 intensity is<3V, ion source nonlinearity) (Fig. 6),
so if the δ18O value was controlled only by the intensity, at certain
GC temperature and CO injection volume (especially when half
m/z 28 intensity is <3V), the δ18O value should increase with the
increase of carrier gas flow rate. But Fig. 7 shows δ18O value nearly
has no relationship with carrier gas flow rate, implying that other
factor(s) must act to decrease the δ18O value of the injected COwith
the increase of carrier gas flow rate. As will be discussed in the last
section, higher carrier gas flow rate can lead to weaker interaction
(oxygen exchange and preferential C16O retention) between CO
and 5-Å molecular sieve, which may be the candidate cause. To
our best knowledge, there is only one similar study that showed
both δ18O and δ13C values of the injected CO increase with the in-
crease of carrier gas pressure (flow rate).[14] The authors attributed
the apparently opposite isotope–flow rate relationship to ‘the
Figure 7. The relationship between the δ18O value and the three carrier gas
flow rate (60, 77, and 100ml/min) tested in this study.
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carrier gas pressure dependent fractionation effect in the open-split
of the ConFlo II device’. Because the only difference between our
study and theirs is the model of ConFlo (III vs II), the only explana-
tion for such isotopic difference is that ConFlo II device has intrinsi-
cally larger fractionation.
Based on the result of this study, the δ18O value varies more

when the GC temperature is lower than 60 °C and CO injections
volume is smaller than 100μl; for better precision of δ18O measure-
ment, a higher-than-60 °C GC temperature and larger-than-100μl
injection volume (4.5μmol oxygen atoms) are recommended.

Effect of GC temperature on the δ18O value

The relationship between the δ18O value and GC temperature is
shown in Fig. 8. It can be seen that (1) the δ18O value decreases with
the increase of GC temperature and (2) for the larger injection vol-
umes and higher GC temperatures, the effect of the GC tempera-
ture is weaker. Because the CO peak intensity increases with the
increase of the GC temperature (Fig. 4), and the δ18O value de-
creases with the increase of CO peak intensity (when half m/z 28
intensity is <3V, ion source nonlinearity) (Fig. 6), the observed
decrease in δ18O value with the increase of GC temperature is prob-
ably the indirect consequence of ion source nonlinearity. Elsig and
Leuenberger[19] presented results showing that δ13C value of CO2

increases with the increase of GC temperature while the δ18O value
is independent of the GC temperature. The discrepancy between
the two studies is probably due to the differences in analyte gases
(CO vs CO2) and/or GC column chemistries (unfortunately, no such
GC column chemistry information is available in the Elsig and
Leuenberger[19] paper).

Oxygen isotope fractionation of the injected CO

Figure 6 shows that the δ18O value of the injected CO is about 1‰
higher than that of the reference CO. Because the injected CO and
reference CO are from the same gas cylinder and if no oxygen
isotope fractionation occurred to the injected CO, identical δ18O
values for the injected and reference CO should be expected. Four
possible causes of the discrepancy are discussed in the following:

(1) Peak shape difference between the reference and injected
CO. The peak shape of reference CO is rectangle, while that
of the injected CO is Gaussian distribution with small tailing
(Fig. 1(e)). Although the individual mass traces end at 500 s
Figure 8. The relationship between the δ18O value and the three GC
temperatures (60, 85, and 100 °C) tested in this study.

wileyonlinelibrary.com/journal/jms Copyright © 2015 John W
for the injected CO as shown in (Fig. 1(e)), the mass ratio
(e.g. 30/28) trace extends beyond 500 s, implying that the
ratio still has not returned to the baseline value. Conse-
quently, ignoring the CO at the peak tail can lead to an error
in the δ18O value of injected CO. To gain better insights, we
recalculated the δ18O value of a CO peak by choosing differ-
ent peak end times. Figure S3 shows that δ18O value in-
creases with the increase of peak end time, and when the
peak end time is longer than 540 s, the δ18O value tends to
be stable. This indicates ignoring the CO at the peak tail
can decrease the δ18O value. Therefore, ignoring the CO at
the peak tail should not be the cause. On the other hand,
as C16O elutes ahead of C18O (Fig. S3), the chance for C16O
loss due to processes such as adsorption onto the flow path
inner surface and filling the empty sample open-split is
higher than that for C18O, which can increase the δ18O value
of the injected CO.

(2) Oxygen isotopic exchange between the 5 Å molecular sieve
(zeolite) and CO. Although oxygen isotopes can exchange
between zeolite and water, CO2 or O2 at certain conditions,
and the extent of such exchange varies with adsorbate type,
temperature, and the oxygen position, cation type, and grain
size of zeolite,[41–43] no study on the possible oxygen isotopic
exchange between CO and zeolite has been reported. If such
exchange is indeed the cause of the δ18O enrichment of the
injected CO (about 1‰ higher than that of the reference
CO), it must imply that the exchange can lead to a δ18O value
increase for the injected CO; that is, zeolite is more enriched
in 18O than CO. For the effects of carrier gas flow rate, as
higher carrier gas flow rates means shorter CO residence
time in the column and therefore less opportunity of oxygen
isotopic exchange between CO and zeolite, so the δ18O value
of injected CO would be higher at lower flow rate. However,
as discussed in the preceding text, lower carrier gas flow rate
is also associated with higher CO peak intensity, which in
turn is associated with a decrease of δ18O value. Thus, the
net effect of the carrier gas flow rate can still be the δ18O
value being stable with carrier gas flow rate (Fig. 7). For the
effects of GC temperature, higher temperature should theo-
retically increase the extent of exchange, leading to an in-
crease in δ18O value. However, higher temperature is also
associated with higher peak intensity, which in turn is associ-
ated with a drop in δ18O value. But if the effect of GC temper-
ature on peak intensity overwhelms its effect on isotopic
exchange, the net effect of GC temperature can still lead to
a decrease in the δ18O value of the injected CO with the
increase of GC temperature (Fig. 8). Clearly, the oxygen
isotopic exchange mechanism is noncommittal at this stage.
Further study is needed to address this issue.

(3) Preferential retaining of C16O by 5-Åmolecular sieve. CO can
be adsorbed completely by the 5-Å molecular sieve at 40 °C
or ambient temperature[32] and can be desorbed completely
at 105[32] or 150 °C.[33] Because our GC temperature sat be-
tween the adsorption and desorption temperatures of these
studies, if some C16O is preferentially retained on the 5-Å
molecular sieve, a corresponding enrichment of 18O in the
residual CO should occur. However, as the abundance of
C16O is much higher than that of C18O, a significant amount
of C16O retention on the 5-Å molecular sieve is needed to
have a significant δ18O increase of the residual CO, and the
amount of retained C16O should be inversely related to GC
temperature. This is inconsistent with the results that (1)
iley & Sons, Ltd. J. Mass Spectrom. 2015, 50, 1023–1030
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the yield of CO (mainly in the form of C16O) has no clear re-
lationship with the GC temperature (Fig. 2) and (2) C18O is
preferentially retained by the 5-Å molecular sieve as implied
by the fact that the C18O is enriched in the tail of the peak
(see (1) of this section and Fig. S3). Further, there is evidence
that 18O, rather than 16O, is preferentially retained on the 5-Å
molecular sieve when O2 is considered.[44,45] To conclude,
the C16O preferential retained mechanism seems unlikely.

(4) Isotope fractionation in the open-split. Elsig and
Leuenberger[19] found the δ13C and δ18O values of CO2 that
passes through the sample open-split are about 1‰ and
2.85‰, respectively, lower than that of the same CO2 that
passes through the reference open-split. They postulated
that the CO2 of the reference open-split has longer residence
time and stronger diffusion than that of sample open-split,
which leads to the CO2 of the reference open-split being
isotopically heavier than that of the sample open-split. If
this is true, the isotope fractionation in the open-split clearly
cannot be the cause, as it can lead to δ18O value of the
injected CO being lower than that of the reference CO.

Although we provide four mechanisms to explain the isotope
fractionation of the injected CO, only the preferential loss of C16O
or oxygen isotopic exchange (between 5-Å molecular sieve and
CO) has the potential to cause the δ18O value of the injected CO
to be 1‰ higher than that of the reference CO. The exact cause still
needs further study.

On the one hand, our study shows the δ18O value of the injected
CO is affected by the sample amount and GC temperature and is on
average 1‰ higher than that of the identical reference CO. There-
fore, if possible, the identical treatment principle as proposed by
Werner[11] should be applied to obtain precise δ18O value. On the
other hand, this study also shows δ18O value has a good exponen-
tial relationship with the intensity/width ratio of the CO peak
(Fig. S4), which can be used to make correction for the δ18O data
when the sample matrix is identical or similar but other conditions
such as sample amount, GC temperature, or carrier gas flow rate
are varied.
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Conclusions

In this work, we investigated the effects of GC temperature and
carrier gas flow rate on N2–CO separation, CO peak shape and yield,
and δ18O by injecting different volumes of CO or N2–COmix directly
onto the GC column of an HTC system. Based on the results and
discussions presented in the preceding text, we arrive at the follow-
ing conclusions:

(1) The peak separation time between N2 and CO decreases
with the increase of GC temperature and carrier gas flow
rate.

(2) The CO peak width increases with the increase of CO injec-
tion volume but decreases with the increase of GC tempera-
ture and carrier gas flow rate. CO peak intensity increases
with the increase of GC temperature and CO injection vol-
ume but decreases with the increase of carrier gas flow rate.
CO peak area decreases with the increase of carrier gas flow
rate, and with a higher decrease rate for the larger CO vol-
umes. GC temperature has little effect on the peak area.

(3) The δ18O value of injected CO decreases with the increase of
GC temperature and sample amount (when half m/z 28 in-
tensity is <3V) but is insensitive to carrier gas flow rate. On
J. Mass Spectrom. 2015, 50, 1023–1030 Copyright © 2015 John Wi
average, it is about 1‰ heavier than that of reference CO.
The δ18O distribution pattern of the injected CO probably is
a combined result of ion source nonlinearity and preferential
loss of C16O or oxygen isotopic exchange between zeolite
and CO.

(4) For practical application, a lower carrier gas flow rate is rec-
ommended, for it has the combined advantage of larger
CO yield, larger N2–CO peak separation time, lower He con-
sumption rate, and minimal effect on δ18O value. A higher-
than-60 °C GC temperature and a larger-than-100μl CO vol-
ume (4.5μmol oxygen atoms) are also recommended. When
no N2 peak is expected, a higher GC temperature is recom-
mended, and vice versa.
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