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Measuring oxygen yields of a thermal
conversion/elemental analyzer-isotope ratio
mass spectrometer for organic and inorganic
materials through injection of CO
Xijie Yina and Zhigang Chenb*
The thermal conversion/elemental analyzer-isotope ratio mass spectrometer (TC/EA-IRMS) is widely used to measure the δ18O
value of various substances. A premise for accurate δ18O measurement is that the oxygen in the sample can be converted into
carbon monoxide (CO) quantitatively or at least proportionally. Therefore, a precise method to determine the oxygen yield of
TC/EA-IRMS measurements is needed. Most studies have used the CO peak area obtained from a known amount of a solid
reference material (for example, benzoic acid) to calibrate the oxygen yield of the sample. Although it was assumed that the
oxygen yield of the solid reference material is 100%, no direct evidence has been provided. As CO is the analyte gas for δ18O
measurement by IRMS, in this study, we use a six-port valve to inject CO gas into the TC/EA. The CO is carried to the IRMS by the
He carrier gas and the CO peak area is measured by the IRMS. The CO peak area thus obtained from a known amount of the injected
CO is used to calibrate the oxygen yield of the sample. The oxygen yields of commonly used organic and inorganic reference
materials such as benzoic acid (C6H5COOH), silver phosphate (Ag3PO4), calcium carbonate (CaCO3) and silicon dioxide (SiO2) are
investigated at different reactor temperatures and sample sizes. We obtained excellent linear correlation between the peak area
for the injected CO and its oxygen atom amount. C6H5COOH has the highest oxygen yield, followed by Ag3PO4, CaCO3 and SiO2.
The oxygen yields of TC/EA-IRMS are less than 100% for both organic and inorganic substances, but the yields are relatively stable
at the specified reactor temperature and for a given quantity of sample. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Oxygen is themost abundant element in the Earth’s crust and exists
in a variety of substances in gaseous (for example, O2 and water
vapor), liquid (for example, water, oxygen-containing ions and
dissolved organic matters) and solid forms (for example, various
organic and inorganic solid matters). Oxygen is involved in one
way or another in most life processes and plays key roles in the
biogeochemical cycling of other elements such as carbon, nitrogen
and sulfur. It has three isotopes, 16O, 17O and 18O, which are
valuable tracers for processes involving oxygen. Oxygen isotopes
have been studied for years[1] and successfully used as tracers
in paleoclimatology, ecology, geology, physiology, biochemistry,
agriculture and forensic science.[2,3]

Oxygen exists in a variety of substances and forms,many suitable
methods have been established to measure its δ18O values.[4,5] For
carbonate samples, the most common method is reaction with
water free phosphoric acid and then to mass spectrometrically
measure the released CO2.

[6] For water samples, the classical
method is equilibration with CO2 of known isotopic compositions
in the headspace.[7,8] Likewise, fluorination is the most widely used
method for compounds with a high decomposition temperature
(for example, silicates and oxides),[9] and a large variety of methods
have been developed to measure the δ18O value of organic matter
including heating the samplematerial together with either HgCl2 or
Hg (CN)2

[10,11] pyrolysis in a Ni tube [12] or reduction with carbon at
high temperatures.[13,14] For historical reasons, international oxygen
J. Mass Spectrom. 2014, 49, 1298–1305
isotope reference materials are either carbonate or water. Only two
methods, namely, the phosphoric acid reaction method for car-
bonates and the H2O–CO2 equilibration method for water samples,
are considered standard methods. However, when carbonates re-
act with phosphoric acid, the oxygen in the carbonate is only
partially converted to CO2, whereas during the H2O–CO2 equilibra-
tion, the oxygen isotopic fractionation factor between H2O and CO2

depends on the temperature. All other non-standard methods
normally involve complex operation and hazardous reagents (for
example, BrF5 or BrF3) and are for special purposes and samples
only. Most importantly, these non-standard methods cannot
measure international oxygen isotope reference materials (carbon-
ate or water) directly, which create difficulties in comparing the
δ18O values among different materials and laboratories. The key
problem is therefore the lack of method that can convert the
oxygen in various types of substances to a common light gas,
which can serve as the measurement gas, either quantitatively
or at least proportionally.
Copyright © 2014 John Wiley & Sons, Ltd.



Oxygen yields of TC/EA-IRMS by CO injection
In recent years, more studies have used thermal conversion/
elemental analyzer-isotope ratio mass spectrometer (TC/EA-IRMS)
to measure the δ18O value of different substances. Other acronyms
that refer to TC/EA (thermal conversion/elemental analyzer) include
high-temperature conversion, high-temperature pyrolysis, high-
temperature carbon reduction.[15] TC/EA is in principle similar to
the carbon reduction method. [13,14] The TC/EA-IRMS measurement
of the δ18O value is performed on-line by pyrolyzing the sample at
high temperature (up to 1450 °C) and convert the oxygen in the
sample into CO at high temperature. The generated CO is carried into
IRMS through an open-split interface by the carrier gas.[16,17] The
precision of TC/EA-IRMS is in general close to or slightly lower than
other methods, but it has the combined advantages of minimal
sample amount requirement, easy operation, high throughput, and
most importantly, the capability to measure the δ18O value of
different types of substances. These advantagesmake the δ18O value
comparison among different laboratories and substances feasible.[15]

The substances whose δ18O value can be measured by TC/EA-IRMS
include organic matter,[2,16,18,19] phosphate,[20–22] sulfate,[23–26]

nitrate,[27,28] water,[15,29,30] as well as carbonates, oxides and
silicates.[3,5,17,26,30,31]

The premise of accurate δ18O measurement is that the oxygen in
the samples can be converted completely or proportionally into the
analyte gas (CO2 or CO) before being measured by mass
spectrometry.[17,32] Low oxygen yield may cause isotopic fraction-
ation. Reactor temperature and sample size are the controlling
factors to oxygen yield. It is believed that the higher the reactor
temperature is, the higher oxygen yield of the TC/EA method can
be achieved. However, with the increase in reactor temperature,
the measurement background also increases and the reactor life-
time is compromised.[33] When the sample size is too small, the
measurement precision deteriorates, whereas large samples may
lead to incomplete pyrolysis. The carbon reduction method was
first used to measure the oxygen content of organic matter, [34. 35]

and the oxygen yield was determined by measuring the amount
of formed CO2 directly either manometrically, volumetrically,
iodometrically or gravimetrically.[34–36] As these methods are very
cumbersome, and inaccurate, they were rarely used in recent years.
The oxygen yield of the TC/EA–IRMS method is rarely examined
adequately. Most of the published work uses the CO peak area
obtained from a known amount of solid reference material (e.g.
C6H5COOH) to calibrate the oxygen yield of the sample. These
methods assume that the oxygen yield of the solid reference
material is 100%,[17,20,26,31,37,38] which has not yet been proven.

Because CO is the analyte gas of the δ18O measurement by
TC/EA–IRMS, the oxygen in the samples first needs to be converted
to CO through TC/EA. So, the most precise method to measure the
oxygen yield of TC/EA-IRMS is to use CO as the reference material.
Therefore, in this study, we inject a certain volume of CO gas into
TC/EA by a six-port valve and used the CO peak area obtained from
a known amount of the injected CO to calibrate the oxygen
yield of the sample. Using this method, the oxygen yield of
C6H5COOH, Ag3PO4, CaCO3 and SiO2 is studied at different tem-
peratures and sample sizes. We report the oxygen yield results in
this paper. The associated δ18O value results will be reported in
a companion paper.
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Experimental

The injected CO gas is the same as the reference gas (99.9999%),
and the carrier gas is He (99.9999%). Ag3PO4 was purchased from
J. Mass Spectrom. 2014, 49, 1298–1305 Copyright © 2014 John
Alfa Aesar (99%), C6H5COOH from HEKAtech GmbH (Cat #: 02432–
493649), CaCO3 from Merck KGaA (B0391759025, 99.95%) and
SiO2 from the Tianjin Guangfu Fine Chemical Research Institute
(spectrometry grade purity). Silver capsules are obtained from
SANTIS (SA76980506, 3.3× 5.0mm). The six-port valve is the
manual operation type of VICI (MNK250414) and the volume of
the sample loops is 50, 100, 250 and 500μl, respectively. Themodel
of TC/EA-IRMS is Flash HT-Delta V Advantage (Thermo Fisher),
[Figs. 1(d, e and f)]. Following each instrument restart or reactor
temperature change, measurement of sample δ18O was attempted
only after the standard deviation of the repeated δ18O measure-
ment of reference gas is better than 0.06‰.

The TC/EA used for thework reported here is in the standard con-
figuration. The heart of the TC/EA is a high-temperature reactor
[Fig. 1(d)], which is mainly composed of an outer ceramic tube
and an inner glassy carbon tube. The glassy carbon is a very inert
material,[5,18] virtually free of oxygen,[16] has no long range order
and is made from the thermal decomposition of a 3D cross-linked
synthetic resin.[29] Outside the ceramic tube is the heating resis-
tor, which provides the controllable high temperature. At the
bottom of the ceramic tube is a layer of silver filament; on top of
the silver filament is a layer of silica wool, which is covered with a
layer of glassy carbon grit (diameter≈ 3mm). The glassy carbon
tube is placed on the glassy carbon grit. The glassy carbon tube is
filled with a layer of silver filament at the bottom and then a layer
of glassy carbon grit. A graphite crucible is placed on top of the
glassy carbon grit to carry the reaction residue. By adjusting the
amount of glassy carbon grit in the glassy carbon tube, the crucible
can be precisely positioned at the hottest zone. After every 70
measurements, the reactor temperature is lowered to 500 °C and
the crucible is taken out and emptied.

The carrier gas enters the system from the top of the reactor and
a portion of the gas flows down through the glassy carbon tube,
whereas the rest flows down through the gap between the glassy
carbon tube and the ceramic tube. When the solid sample falls into
the high-temperature glassy carbon tube, the oxygen atoms in the
sample are converted to CO. The CO is carried out of the reactor by
the carrier gas to a 5-Å molecular sieve GC column (1.0m), where it
is separated from N2 and other gases. The CO flows into the IRMS
via an open-split interface [Fig. 1(e)] to measure the CO peak area
[Fig. 1(g)]. The flow rate of the carrier gas is 60ml/min and the tem-
perature of the GC column is 95 °C.

For solid sample analysis, powdered samples of different sizes
were weighed into silver capsules. The tightly folded capsules were
then placed on a No Blank Autosampler (AS2000, Thermo Fisher),
[Fig. 1(c)], which is continually purged with He to eliminate any
trace of water, oxygen and nitrogen. Under the control of software
(ISODAT3.0), the No Blank AutoSampler drops the sample capsules
into the high-temperature reactor. Measurement with empty silver
capsule showed itsm/z 28 peak intensity<2mV, which means that
the silver capsule nearly do not contain oxygen.

For the CO injection experiment, the No Blank Autosampler is
alternated by a six-port valve with a sample loop [Fig. 1(a, b)]. The
six-port valve is connected to the TC/EA in two ways. First is the
‘shallow injection’ technique [Fig. 1(d1)], the top of the ceramic
tube is sealed by a nut with a side air vent, the six-port valve is
connected to the air vent and both CO and carrier gases come into
the reactor through the air vent. In this way,most of the injected CO
flows through the glassy carbon tube, whereas the rest flows
through the gap between the ceramic tube and the glassy carbon
tube. Second is the ‘deep injection’ technique [Fig. 1(d2)], the top
of the ceramic tube is sealed by a nut, which is usually used to inject
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Figure 1. The configuration of TC/EA-IRMS. The arrows in the tube (reactor) represent the flow direction of the CO.

Figure 2. The relationship between measured CO peak area and reactor
temperature for the CO injection experiments.
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liquid samples. This nut has a side air vent too, but the top of it is
sealed by a silicone gasket. The six-port valve is connected to the
TC/EA by a stainless steel needle (OD=1mm), which penetrates
the silicone gasket, and goes deep into the glassy carbon tube.
CO is injected deep into the glassy carbon tube through the stain-
less steel needle at a flow rate of 5ml/min; the carrier gas flows into
the reactor mostly through the air vent at a flow rate of 55ml/min.
In this way, the injected CO only flows through the glass carbon
tube. In both connection ways, the six-port valve is also connected
to the He carrier gas cylinder and CO reference gas cylinder. A CO
valve is connected between the CO cylinder and the six-port valve.
After the third reference peak is eluted [Fig. 1(g)], the CO valve is
first opened to fill the sample loop with CO [Fig. 1(a)]; after that,
the CO valve is closed and the six-port valve is switched on imme-
diately, allowing the carrier gas to flush the CO from the sample
loop into the high-temperature reactor [Fig. 1(b)]. An empty airbag
is connected to the CO vent of the six-port valve to collect the toxic
surplus CO.
The oxygen atom amount in the injected CO is calculated by

dividing the injected volume with the molar volume of the gas
(24.46 l/mol at 25 °C). Combined with the measured peak area,
the relationship between the CO peak area of the injected CO
and its oxygen atom amount can be established (refer to as
‘CO formula’ hereafter). Putting the measured CO peak area
of the sample into the CO formula, the measured oxygen atom
amounts of the sample are obtained. From the mass and mo-
lecular mass of the sample, its actual oxygen atom amounts
can be calculated. Dividing the measured oxygen atom
amounts by the actual oxygen atom amounts of the sample,
the oxygen yield of the sample is obtained.
wileyonlinelibrary.com/journal/jms Copyright © 2014 Joh
Results and discussion

Oxygen yield of the injected CO

Figure 2 shows the relationship between the peak area of the
injected CO and the reactor temperature at four injection
volumes: 50, 100, 250 and 500 μl. For the ‘shallow injection’
technique [Fig. 1(d1)], it is clear that the CO peak area is
n Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 1298–1305
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stable at reactor temperature between 25 and 1250 °C. When the
reactor temperature increases from 1250 to 1450 °C, CO peak area
steadily decreases. These changes imply that CO loss happens
when the reactor temperature exceeds 1250 °C, and the higher
the reactor temperature is, themore CO is lost. We hypothesize that
such CO loss may occur in the gap between the ceramic tube and
the glassy carbon tube. To test this hypothesis, we used the ‘deep
injection’ technique [Fig. 1(d2)] to ensure that all CO flows through
the glassy carbon tube. Figure 2 shows that the peak areas of the
deep injected CO are stable for all temperatures. Thus, it is clear that
beyond 1250 °C, the loss of CO most likely occurred through the
gap between the ceramic and glass carbon tubes. The CO loss in
the gap can occur via (1) direct leakage and (2) reaction with the re-
actor. We tend to accept the former explanation because, under
high-temperature conditions, the ceramic tube can expand and
its gas tightness diminishes. As both the total gas pressure and
CO partial pressure in the gap are higher than those of the outside,
some of the CO may penetrate the ceramic tube wall and lose to
the outside. Although this explanation is contrary to the conven-
tional opinion that the air will penetrate into the ceramic tube at
higher temperature, [[27]] it is consistent with the fact the loss of
CO beyond 1250 °C is predictably much weaker for the two solid
samples C6H5COOH and Ag3PO4, as CO formed from solids only
flows through the glassy carbon tube.

With the results obtained from the ‘deep injection’ technique at
the tested reactor temperature between 25 and 1450 °C, we
established the relationship (the CO formula) between the oxygen
atom amount and peak area of the injected CO.

y ¼ 36:9717x þ 5:7932 (1)

where y is the CO peak area (Vs), and x is the oxygen atom
amount (μmol). The R2 for the correlation is highly significant
0.9997 (P< 0.0001, n= 287), (Figs. 3, 5 and 7).
Figure 3. The relationship between the oxygen atom amounts of
C6H5COOH and CO peak area at different reactor temperatures. The
oxygen atom amounts of C6H5COOH are calculated from its mass and
molecular mass. The legend with CO represents the results of CO deep
injection experiment, all others with temperatures represent C6H5COOH
measured at that temperature. For clarity, the data points of the CO
injection volume of 500μl are not shown but were used for the
generation of the fitted line and the CO formula (see also in Figures 5 and 7).

J. Mass Spectrom. 2014, 49, 1298–1305 Copyright © 2014 John
We then use the CO formula to calibrate the oxygen yields of the
solid samples. If the oxygen atoms in the solid samples are
completely converted to CO, the respective data points should fall
on the fitted line of the injected CO.

Oxygen yield of C6H5COOH

Figure 3 shows the relationship between the measured CO peak
area and the oxygen atom amount of C6H5COOH, which is calcu-
lated from themass and molecular mass of C6H5COOH. It is evident
that when the reactor temperature exceeds 1360 °C, C6H5COOH has
the largest CO peak area, and the data points fall closer to the fitted
line of the injected CO. With the decrease of reactor temperature,
the slope of the fitted line decreases too. Figure 4 shows the
relationship between the reactor temperature and the oxygen yield
of C6H5COOH. It reveals that the oxygen yields at 1450, 1380 and
1360 °C are similar, with average values of 92.8%, 91.9% and 92.8%,
respectively. However, with the decrease in reactor temperature,
the oxygen yields decrease significantly from an average value of
85.8% at 1300 °C to 74.6% at 1200 °C and 49.8% at 1150 °C (Table 1).
The results show that oxygen from C6H5COOH is not completely
converted to CO even at 1450 °C.

Oxygen yield of Ag3PO4

Figure 5 shows the relationship between the measured CO peak
area and the oxygen atom amount of Ag3PO4, which is calculated
from the mass and molecular mass of Ag3PO4. It is clear that when
the reactor temperature is higher than 1300 °C, Ag3PO4 has the
largest CO peak area, and the slopes of the fitted lines are similar
to each other. However, all Ag3PO4 data points still fall below the
fitted line of the injected CO. With the decrease of reactor tem-
perature, the slope of the fitted line decreases too. Figure 6 shows
the relationship between the reactor temperature and oxygen yield
of Ag3PO4. We can see that except for 1340 °C, the oxygen yields of
Ag3PO4 decrease gradually with the decrease of reactor tem-
perature. The oxygen yields from 0.2mg are clearly low and
variable, so the data for 0.2mg were removed when calculating
the average oxygen yield of Ag3PO4 (Table 1). The average oxygen
Figure 4. The relationship between the oxygen yield of C6H5COOH and the
reactor temperature.

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Figure 5. The relationship between the oxygen atom amounts of Ag3PO4

and CO peak area at different reactor temperatures. The oxygen atom
amounts of Ag3PO4 are calculated from its mass and molecular mass. The
legend with CO represents the results of CO deep injection experiment, all
others with temperatures represent Ag3PO4 measured at that
temperature. For clarity, the data points of the CO injection volume of
500μl are not shown but were used for the generation of the fitted line
and the CO formula (Figures 3 and 7).

Figure 6. The relationship between the oxygen yield of Ag3PO4 and the
reactor temperature.
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yields of Ag3PO4 at different reactor temperatures are as follows:
89.8% (1450 °C), 88.7% (1415 °C), 86.0% (1380 °C), 89.7% (1340 °C),
82.0% (1300 °C), 82.6% (1250 °C), 73.3% (1200 °C) and 64.0%
(1150 °C). The exact cause of the higher oxygen yield at 1340 °C is
unclear at this stage. Some earlier studies using benzoic acid
(C6H5COOH) as the reference material and assuming an oxygen
yield of 100% for it obtained an oxygen yield of 90–100% for
Ag3PO4 at 1450 °C. [[38]] Likewise, Vennemann et al. [20] obtained
an oxygen yield of 100% for Ag3PO4 and KH2PO4 at 1450 °C, but it
decreased to 90% when the crucible was filled with residue or
when the reactor temperature decreased to 1400 °C.
n Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 1298–1305
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Oxygen yields of CaCO3 and SiO2

As both CaCO3 and SiO2 are hard to pyrolyze, we studied the
oxygen yield of CaCO3 and SiO2 at the highest designed
temperature of the TC/EA (1450 °C). Figure 7 shows that the
data points of CaCO3 (star) fall below the fitted line of
injected CO. It is clear that the oxygen atoms of CaCO3 are
not completely converted to CO. If we assume that only 2/3
of oxygen atoms in CaCO3 is converted to CO, then the
recalculated results (shown as black triangle in Fig. 7) are very
close to the fitted line of the injected CO. This implies that
about 2/3 of the oxygen atoms in CaCO3 is converted to CO
at 1450 °C and the remaining 1/3 of oxygen atoms probably
exists in CaO, indicating a decomposition of CaCO3 at
1450 °C to CO and CaO via CaCO3 + C(from glassy carbon)→
CaO + 2CO. The calculated average oxygen yield of CaCO3 at
1450 °C is 61.1%. If no oxygen isotope fractionation or only
a stable isotope fractionation factor is involved in this decom-
position process, the δ18O value of carbonate can be directly
measured by TC/EA-IRMS without any additives. Boschetti
and Iacumin [26] using benzoic acid as the reference material
obtained an oxygen yield of 67% for CaCO3 at 1400 °C, but when
using AgCl as an additive, the value increased to 101–108% at a
reactor temperature of 1420 °C. Crowley et al. [31] used AgCl as an
additive and used nitrate salts as the reference material,
obtained an oxygen yields of 77.0 ~ 104.5% for carbonate, with
a mean value of 93.6% at 1420 °C and 85.45% at 1500 °C.
However, eliminating the potential oxygen contamination from
the additives is a challenge for TC/EA-IRMS.

The open squares at the bottom of Fig. 7 represent the results for
SiO2. It is clear that only a small percentage of the oxygen in SiO2 is
converted to CO. The calculated oxygen yield of oxygen from SiO2

at 1450 °C is lower than 2.0%. Thus, the δ18O value of silicate and
SiO2 cannot be directly determined by TC/EA-IRMS. Using sucrose
as a reference material, Kornexl et al. [17] obtained oxygen yields
of 87%, 67% and <10% for Ag3PO4, CaCO3 and SiO2, respectively
at 1400 °C.
Figure 7. The relationship between the measured CO peak areas and the
oxygen atom amounts of CaCO3 and SiO2 at 1450 °C. The oxygen atom
amounts of CaCO3 and SiO2 are calculated from their mass and molecular
mass. For clarity, the data points of the CO injection volume of 500μl are
not shown but were used for the generation of the fitted line and the CO
formula (Figures 3 and 5).

J. Mass Spectrom. 2014, 49, 1298–1305 Copyright © 2014 John
The relationship between the oxygen yield and sample size

Figure 6 shows, except for the reactor temperature of 1150 °C, the
oxygen yield of Ag3PO4 increases with increase in sample size at a
given temperature, but this is not evident in the case of C6H5COOH
(Fig. 4). The difference is likely to be caused by some CO loss for
Ag3PO4.

As all of the oxygen yields are calculated using the CO formula
(Eqn (1)), we can deduce from the geometry that, in Figs. 3, 5 and
7, if the fitted line of the sample at a certain temperature has the
same X-axis intercept as that of the injected CO, their calculated
oxygen yields should not change with sample size. For example, if
the X-axis intercept is larger than that of the injected CO, this means
that CO loss occurred, and the difference between the intercepts of
the sample and that of the injected CO is the amount of lost CO.
This can lead to the calculated oxygen yield increases with the
increase of sample size.

From Figs. 3, 5 and 7, we can see that the difference in the X-axis
intercept between the fitted lines of the injected CO and the
samples measured at 1450 °C decreased in the order CaCO3

Ag3PO4> and C6H5COOH. Their CO losses have the same trend,
with values of 0.227, 0.193 and �0.034μmol, respectively. So the
oxygen yield of Ag3PO4 has a more obvious relationship with the
sample size than that of C6H5COOH. We have mentioned before
that some shallow-injected CO maybe lost by penetrating the
ceramic tube when the reactor temperature is higher than
1250 °C. For solid samples, the folded samples fall into the glassy
carbon tube, so that the amount of lost CO for solid samples is
much less than that of the shallow-injected CO. The exact cause
for the difference among C6H5COOH, Ag3PO4 and CaCO3 is still
unclear. It could be that a small percentage of oxygen may exist
in a form other than CO under the used pyrolytic conditions due
to the presence of elements other than C, H and O in the samples.
If this is indeed the case, such loss of O should be elemental
composition-dependent.

It should be mentioned that this kind of CO loss for Ag3PO4 is
mechanistically different from the incomplete decomposition of
the sample although both can decrease the CO yield. We will show
in the next section that at a given reactor temperature, the propor-
tions of sample decomposed are same for all sample sizes, so that
the oxygen yield should not vary with sample size if no CO is lost.
13
0

Factors that influence the oxygen yield

From Figs. 3, 5 and 7, we can see that, for all types of samples tested
here, the slope of the fitted line decreases with the decrease of the
reactor temperature; but for a given reactor temperature, the
linearity of the fitted line does not changewith the sample size. This
suggests that, in the range of the sample size used, the key factor
affecting the oxygen yield is the reactor temperature, not the
sample size. That is to say that even though the apparent oxygen
yield decreases with the decrease of the reactor temperature,
within the tested mass range, the samples were still decomposed
proportionally at a given temperature. It should be mentioned that
for the Ag3PO4, the sample size may have an effect at 1150 °C
(Figs. 5 and 6).

Under the highest designed temperature of the TC/EA reactor
(1450 °C), nearly 2/3 of oxygen in CaCO3 is converted to CO with
the remaining 1/3 maybe existing as CaO for Ca–O that has a high
bond energy (383.3 ± 5.0 kJ/mol, all bond energies cited in this
paper are from [39]). However, the oxygen yield of SiO2 is<2%, pre-
sumably because of the strong bond of Si–O (799.6±13.4 kJ/mol),
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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which allows only for a very small percentage of oxygen to be
released at 1450 °C. Therefore, the ideal substance for δ18O
value measurement by TC/EA-IRMS should not contain high-
energy X–O bonds other than CO, which has bond energy
of 1076.38 ± 0.67 kJ/mol. Because the Ag–O bond has rela-
tively lower bond energy (221 ± 21 kJ/mol) and Ag3PO4 is less
hygroscopic, measurements of δ18O value of phosphate
usually involve conversion of the phosphate in the sample
into Ag3PO4 before being analyzed by TC/EA-IRMS.
These results show that although the oxygen yields of

C6H5COOH and Ag3PO4 are relatively higher than that of CaCO3

and SiO2, they are still less than 100%. So if C6H5COOH is to
be used as a reference material to calibrate the oxygen yield
of Ag3PO4 or other types of samples, an overestimation of
oxygen yield is predicted.
Conclusions

In this study, we used CO as a reference material to calibrate the
oxygen yields of TC/EA-IRMS for both inorganic and organic
materials at different sample sizes and reactor temperatures. On
the basis of the results obtained, we conclude that

(1) The oxygen atom amount of injected CO has a good linear
correlation with its measured peak area;

(2) When CO flows through the gap between the ceramic tube
and the glassy carbon tube at the temperature higher than
1250 °C, CO loss (to the outside of the ceramic tube)
occurred. The amount of CO loss increases with the reactor
temperature. Minimal CO loss is observed with solid samples
or deep injection of CO into the glassy carbon tube;

(3) For a given set of pyrolytic conditions, C6H5COOH has the
highest oxygen yield, followed by Ag3PO4, CaCO3 and SiO2

in decreasing order;
(4) In the range of sample sizes tested, the key factor that affects

the oxygen yield is the reactor temperature rather than the
sample size. The X–O bond energy in the sample is another
important factor that influences the oxygen yield;

(5) The oxygen yields of TC/EA-IRMS are less than 100% for both
organic and inorganic substances, but the yields are relatively
stable at a specific reactor temperature and sample size.
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