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A systematic analysis of efficiency, reproducibility and accuracy of cryogenic purification of CO2 from air
samples for isotopic analyses is presented. The technical characteristics of the cryogenic line are given
in detail. To study the cryogenic process, three different operating parameters are considered: flow rate
of the gas entering the line, pressure of the gas in the line, and CO2-trap shape. Experimental results
demonstrate that efficiency, reproducibility and accuracy strongly depend on the CO2trap shape. Moreover,
a dependence of reproducibility and accuracy on the flow rate of the gas is found, but not on its pressure.
High precision (≤0.02‰ for d13C and ≤0.05‰ for d18O) and good accuracy (<0.09‰ for d13C and <0.14‰
for d18O) is achieved after applying the N2O correction. Copyright  2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Isotopic methodologies are becoming more and more
important in many fields of environmental science. Isotopes
of carbon and oxygen, in particular, are useful tools
because of the possibility of their use in disentangling
the components of many processes of interest. Carbon and
oxygen stable isotope ratios of atmospheric CO2 provide
important, independent information about carbon sources
and sinks.1,2

Usually, analyses of υ13C and υ18O are carried out on
pure CO2. For this reason, it is necessary to use lines
dedicated to the extraction of CO2 from air samples. The
classical way to extract atmospheric CO2 from air samples
is through a ‘cryogenic’ process based on the differential
freezing temperature of the gases normally present in air
(N2, O2, Ar, CO2, H2O).

Water has the highest freezing temperature and can be
eliminated in a trap (�70 °C) containing a mixture of dry
ice and ethanol. Carbon dioxide is normally trapped using
liquid nitrogen (�196 °C), whereas the other gases do not
undergo the sublimation process, so they can be pumped
away, with the exception of N2O (see below).

The extent to which isotopic measurements can be useful
in many fields of application is dependent on the precision of
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the measurement.1 This is due to the necessity of measuring
small fractionations, which have to be determined with
high sensitivity. For instance, in environmental studies for
micrometeorological applications, high precision is needed
to resolve isotopic gradients in canopy boundary layers
that are typically 0.02–0.1‰ ppm�1 of CO2 for 13C and
18O depending on the biological activity.2 Therefore, it is
mandatory to have very reproducible extraction procedure
and measurement.

On the other hand, it is very important to make correct
intercalibration between laboratories in order to be able to
compare the obtained results as part of a global CO2 stable
isotope network.3

At the end of 1990s, the Stable Isotope Laboratory
at INSTAAR, University of Colorado, with a Micromass
Optima dual inlet isotope ratio mass spectrometry techniques
(IRMS) and an extraction system demonstrated an overall
reproducibility of 0.010‰ for υ13C and 0.042‰ for υ18O
(1�). This includes errors in the extraction process and
is determined from 160 analyses of an air cylinder.4A
few laboratories (i.e. NOAA-CMDL,5 CSIRO Atmospheric
Research,6 Scripps Institution of Oceanography (SIO)7)
demonstrated the ability to measure υ13C for CO2 in air
with a long-term precision �0.015‰. In general, it is rather
difficult to measure υ18O with a precision comparable to
υ13C. In 2001, the Stable Isotope Mass-Spectrometry Lab at
Max Plank Institute for Biogeochemistry in Jena (Germany)
reached a long-term (>9 months) precision of 0.012‰ for
υ13C and 0.019‰ for υ18O.8
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In the present paper, we describe the isotopic measure-
ments performed at the Mass Spectrometry Laboratory of the
Department of Environmental Science (Second University of
Naples) on atmospheric CO2. We discuss the efficiency, pre-
cision and accuracy achieved using IRMS and applying a
cryogenic pretreatment of the air samples.

EXPERIMENTAL

The mass spectrometer
The mass spectrometer (MS) of the Department of Envi-
ronmental Science is a Thermofinnigan Deltaplus. The IRMS
techniques used are the standard ones. Briefly, the sample
and reference gases (pure CO2, in our case) are stored in
bellows, which allow the regulation of the pressure of the
gases, or stored in sealed test tubes that are then broken by
tube-crackers and injected into the MS through a multiport
section. After entering the ion source via the changeover
valves (connected to the bellows through a capillary), the
gases are ionized and accelerated by the 3-kV acceleration
section of the MS. The ion beams are then focused by an elec-
trostatic quadrupole and linear momentum analyzed by a 90°

magnet operated with the adapted magnetics. Three Fara-
day cups positioned at right angles are used to measure the
charge carried by the beams corresponding to masses 44, 45
and 46. The charge signals are then converted to voltage sig-
nals, amplified, digitized and acquired by a computer-based
control and acquisition system.

The ratios 45R�D45CO2/44CO2� and 46R�D46CO2/44CO2�
are measured for both sample and reference gases and then
converted to 13R�D13C/12C� and 18R

(D18O/16O
)

(starting
from the average on eight sample/reference cycles and
applying the 17O correction).9

Finally, the isotopic ratios for carbon and oxygen are
expressed in the usual υ (‰) notations:

υ13C D
(

13Rsample
13Rreference

� 1

)
ð 1000

and υ18O D
(

18Rsample
18Rreference

� 1

)
ð 1000

In the present work, the υ13C and υ18O were measured with
respect to international standards for carbon and oxygen

isotopic analyses: V-PDB (Vienna-Pee Dee Belemnite) and V-
SMOW (Vienna-standard mean ocean water) respectively.10

Our working standard was a pure CO2 gas (ISO-TOP,
Messer) calibrated with respect to RM 8564 (IAEA), with
υ13CVPDB D �10.45 š 0.07‰ and υ18OVSMOW D 31.00 š
0.10‰.

The internal precision for the Deltaplus system was deter-
mined measuring the isotopic ratios of a secondary standard
versus the primary standard during several months and in
different conditions. Each sample undergoes a minimum of
eight measurement processes for single acquisition (standard
deviations of these measurements are typically 0.005‰ for
υ13C and 0.008‰ for υ18O analyses). The standard deviation
over 150 subsamples is 0.01‰ for υ13C and 0.02‰ for υ18O
analyses.

The extraction line
A cryogenic line is dedicated to the extraction of CO2 from
air samples. A pumping system (VARIAN, TURBO-V250,
FR) at the end of the line forces the gas to pass through
the line. The pumping system is connected to the line with
a needle valve. The flow rate was at first measured by
a mass flowmeter (Omega, UK) and regulated through the
needle valve. Then, to improve the reproducibility increasing
the automation, the flowmeter was replaced with a mass
flowmeter and controller (MFC, 10–100 ml/min, GFC2104,
Dwyer, Fig. 1). A further improvement of the experimental
conditions was achieved by replacing the Elastollan external
tubing connection with a stainless steel tube11, the regulation
of the pumping flow through the pumping system and the
ingoing flow determining the pressure in the cryogenic line.
The line is made of six glass tube sections of optimized shape
connected through Swagelock connection. The gas entering
the line passes through a water trap, cooled with dry ice-
ethanol mixture and then through the CO2 trap, cooled with
liquid nitrogen. The first tests were made with a ‘simple
cold finger’ CO2 trap (configuration I)4,8. Gas molecules that
freeze as aerosols in the moving gas stream (and then not
condensing and freezing on the surface of the tube) have a
tendency not to stick in the trap, but to continue moving
with the airflow. To ensure that the gas molecules not caught
on the first pass will be trapped later on, multiple loops
were tested. For this reason, the ‘simple cold finger’ CO2 trap

CO2 trap

H2O trap

Test-tube Liquid nitrogen

MFC

Inlet

VAC

MFC

O-ring connection

Valve

Pressure gauge

VAC Pumping system

Mass flowmeter and controller

PG

PG

Figure 1. Scheme of the final configuration of the extraction line (configuration II).
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was replaced by a ‘spiral shaped’ CO2 trap (configuration II,
Fig. 1)12; this trap was made of six coils, with the upper
portions at nonfreezing temperature. At the end of the
process, the sublimated CO2 is cryogenically collected in
a test tube connected to the line. This test tube can be ‘safely’
sealed, melting it by a butane flame, and removed from the
cryogenic line to be used for the analyses with the MS.

Experimental design
In order to measure the efficiency and check the reproducibil-
ity of the extraction line, several cryogenic processes were
made on two air cylinders at different CO2 concentrations
(namely, SOL and CSIRO, Table 1), which represent the typi-
cal concentrations for atmospheric and soil CO2. To evaluate
the accuracy of the extraction line, tests were made on the
cylinder certified by CSIRO (CSIRO Atmospheric Research,
Aspendale, Australia; the certificated values are reported in
Table 1).

The aim of these measurements was to test how the
efficiency, reproducibility and accuracy depend on

1. flow rate of the gas entering the line;
2. pressure of the gas in the line;
3. CO2-trap shape [difference between the ‘simple cold

finger’ CO2 trap (configuration I) and the ‘spiral shape’
CO2 trap (configuration II)].

The tests were performed using a constant CO2 quantity
of 68 š 3 µmol. This was obtained varying the entering
sample volume between the two cylinders (0.99 š 0.03 l
for SOL and 3.6 š 0.1 l for CSIRO). This amount of CO2

allowed the optimization of the signal-to-noise ratio.

RESULTS AND DISCUSSION

Efficiency measurements
The efficiency was estimated by measuring the volume of
the extraction line and the final pressure of the trapped CO2

and applying the ideal gas law to calculate the expected final
pressure assuming that all the CO2 in the sample was trapped
(100% efficiency). No dependence of the efficiency on flow
rate of the gas entering the line and pressure of the gas in
the line was observed. On the other hand, the efficiency for
configuration I (57 š 2%) was significantly lower than that
for configuration II (SOL: 97 š 2%; CSIRO: 96 š 8%).

Reproducibility checks
All measurements performed to test the reproducibility of
our system are referred to the secondary standard as defined
above.

ž For configuration I, it was observed that changes in
pressure and inflow-rate conditions can significantly affect
the isotopic composition of trapped CO2. Tables 2 and

Table 2. Standard deviations (‰) for υ45 in treatment (s over 3
replicates) and between treatment (underlined values) in
configuration I

Pressure (mbar)

250 500 750

Flow rate (l/min) 0.1 0.03 0.18 0.02 0.3
0.2 0.02 0.02 0.06 0.06
0.4 0.01 0.03 0.01 0.2

0.2 0.30 0.40

Table 3. Standard deviations (‰) for υ46 for in treatment (s
over 3 replicates) and between treatment (underlined values) in
configuration I

Pressure (mbar)

250 500 750

Flow rate (l/min) 0.1 0.05 0.9 0.02 0.1
0.2 0.05 0.05 0.09 0.8
0.4 0.03 0.06 0.06 0.5

0.20 1.10 1.00

3 show the standard deviations for υ45 and υ46 at each
combination of flow rate and pressure, and at a fixed
flow rate or pressure (varying the pressure or the flow
rate respectively). Standard deviations for replicates at
the same flow rate–pressure conditions (in treatment) are
significantly smaller than standard deviations for analyses
in a certain flow rate or pressure condition (between
treatment) (one way ANOVA test, Fe > Ftab (1%)). On the
other hand, we found no correlation between the isotopic
composition of trapped CO2 and the flow rate or pressure.

ž For configuration II, standard deviations ranging from 0.02
to 0.08‰ for υ45 and from 0.05 to 0.1‰ for υ46 have been
measured. Figures 2 and 3 show the improvement in the
reproducibility of the analyses made using configuration II
with respect to configuration I. No significant differences
either for υ45 or for υ46 analyses between the standard
deviation in treatment and between treatment (one way
ANOVA test, Fe > Ftab (1%)) have been found.

The use of MFC allowed testing the dependence of the
reproducibility of the extraction process on the flow rate in
a different range (0.050–0.095 l/min). A slight improvement
in reproducibility both for υ45 (� in the range 0.01–0.02‰
over 3 replicates) and for υ46 (� in the range 0.01–0.05‰ over
3 replicates) has been observed both for SOL and CSIRO
cylinders.

Table 1. Certified values for the CO2 in air cylinder from CSIRO Atmospheric Research (Aspendale, Australia)

υ13CvsVPDB (‰) υ18OvsVSMOW (‰) [CO2] (µmol/mol) [N2O] (nmol/mol) [H2O] (ppm) [N2O]/[CO2]

SOL Unknown Unknown 1538 š 5a Unknown <1a Unknown
CSIRO �11.02 š 0.05 40.86 š 0.10 415.8 š 0.3 317.6 š 0.3 <1 (0.7638 š 0.0009) x 10�3

a Measured by an Infrared Gas Analyzer (ADC Bioscience Research, UK).
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Figure 2. Dependence of υ45CO2vsWS on the number of times the gas enters the liquid nitrogen at different flow rates (a) and
different pressures (b) Pressure 500 mb. (Dots �ž� D configuration I; crosses (ð� D configuration II).
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Figure 3. Dependence of υ46CO2vsWS on the number of time the gas enters the liquid nitrogen at different flow rates (a) and different
pressures (b) Pressure 500 mb. (Dots �ž� D configuration I; crosses (ð� D configuration II).

Table 4. accuracy tests: the errors associated with the υ values in the first row are derived from the propagation error analysis
taking the uncertainty of RM 8564 and s; s is the standard deviation over three replicates; the errors associated with υ in the last
row are calculated from the errors in the first row and the error associated with the CSIRO-certified values

υ13CvsVPDB υ18OvsVSMOW

Without Cu
treatment

With Cu
treatment

Corrected
according to
Mook (1983)

Without Cu
treatment

Corrected
according to
Mook (1983)

Measured υ value (‰) �11.26 š 0.07 �11.08 š 0.08 �11.08 š 0.07 40.58 š 0.1 40.84 š 0.10
s (‰) 0.015 0.04 0.03
Certificated  value (‰) �11.02 š 0.05 40.86 š 0.10
υ (‰) (measured – certified) �0.24 š 0.09 �0.06 š 0.09 0.06 š 0.09 0.29 š 0.14 0.02 š 0.14

Accuracy evaluation
Figures 2 and 3 show a significant change in the absolute
value of the isotopic composition of trapped CO2 between
configuration I and II (υ45 D 1.35‰, υ46 D 2.64‰, t-
test, te > ttab (1%)). Tests made at flow rates lower than
0.1 l/min (0.050–0.095 l/min) gave no difference in the υ45

of the trapped gas (t-test, te < ttab (1‰)). On the contrary,
the υ46 of the gas trapped at 0.050 l/min was significantly
different from that trapped at higher flow rate (mean value of
31.86 š 0.03‰ to be compared with 31.01 š 0.10‰ at higher
flow rates, t-test, te > ttab (1%)).

The accuracy test of the cryogenic process on the certified
cylinder (Table 1) has been performed at the lowest pressure
and flow rate (0.050 l/min, 250 mbar) of configuration II (i.e.
the highest efficiency and the best reproducibility conditions
for configuration II).

Table 4 shows the comparison between the measured
υ13CvsVPDB and υ18OvsVSMOW and the certified ones. There
are significant differences between the measured υ13CvsVPDB

and υ18OvsVSMOW and the certified values (�11.26 š 0.07
vs �11.02 š 0.05, 40.58 š 0.1 vs 40.86 š 0.10, ztest, ze > ztab

(1%)).

The N2O correction
As already pointed out, N2O is trapped together with CO2

during the cryogenic process. N2O has the same mass as
CO2 and it can affect the measured isotopic composition of
the trapped CO2. One can eliminate the contamination from
N2O by reducing it to N2 using solid Cu as a reducer.13

However, due to the isotopic exchange of oxygen atoms
between CuO and CO2, this procedure definitely alters the
υ18OvsVSMOW of the sample. On the other hand, Mook and Van

Copyright  2005 John Wiley & Sons, Ltd. J. Mass Spectrom. 2005; 40: 1104–1108
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Der Hoek14 showed a theoretical approach for the correction
of the measured υ13CvsVPDB and υ18OvsSMOW of trapped CO2,
providing that both the sample [N2O]/[CO2] ratio and the
spectrometer [N2O]/[CO2] ionization efficiencies ratio are
known. Table 4 shows how the measured υ13CvsVPDB changes
if the trapped CO2 is treated with solid Cu (to reduce the
N2O in N2 and CuO). Within the error associated with the
certified υ values of the primary standard (RM 8564: š0.07‰
for υ13CvsVPDB š 0.1 ‰ for υ18OvsVSMOW�, there is no significant
difference between the measured and the certified υ13CvsVPDB

values. The shift in the measured υ13CvsVPDB value is the
same as the theoretical one (calculated according to Mook
and Van Der Hoek, measuring a yield ratio from equal inlet
pressure of N2O and CO2 for the MS of 0.706 š 0.003). Also
the corrected value of the υ18OvsVSMOW is consistent with the
certified one (ztest, ze < ztab (1%)).

SUMMARY AND CONCLUSIONS

A new setup for high precision analyses of isotopic
composition of atmospheric CO2 has been implemented.

In the present work, the measured efficiency was
consistent with 100%.

It has been demonstrated that the reproducibility asso-
ciated with the extraction process is close to the internal
precision of the MS (�0.02‰ for υ13C and �0.05‰ for υ18O).
A strong dependence of reproducibility on the CO2 cryo-
genic trap shape, with slight dependence on the flow rate
and no dependence on the pressure have been found.

Furthermore, the change in the CO2-trap shape (from
configuration I to configuration II) resulted in a systematic
shift in the υ values (υ45 D 1.35‰, υ46 D 2.64‰).

The accuracy for configuration II obtained is better than
0.09‰ for υ13CvsVPDB and 0.14‰ for υ18OvsVSMOW using the
spiral-shaped CO2 trap. It has to be noted that the main
contribution to the overall uncertainty is due to the error
associated with the primary reference material.

Future development will be directed to the automation
of the process to improve the performance of our apparatus.
However, since no pure CO2 standard with error less
than that of RM 8564 is available, a new intercalibration

campaign could be useful to reduce the uncertainty to values
comparable with the precision demonstrated by several
laboratories.
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