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ABSTRACT
We present the design and evaluation of an automated system for the conversion of elemental and organic carbon aerosol
to CO2 for subsequent radiocarbon analysis. The system allows heating the sample in pure oxygen or helium at user defined
temperature steps, followed by catalytic conversion of incomplete carbonaceous combustion products to CO2. The resulting
CO2 is quantified using an NDIR detector and can be separated from other combustion by-products in a reduction oven. The
purified CO2 is cryogenically collected in glass ampoules that can be sealed for storage until 14C analysis. We show that
(1) the CO2 amount measured by the calibrated NDIR sensor compares well to an independent manometric method, (2) that
we successfully remove combustion by-products such as SO2, H2O, and NOx, resulting in pure CO2 samples, and (3) that the
system has low contamination and negligible cross contamination making it ideal for the analysis of very small samples in
the order of 10–50 µgC.
Keywords: Carbonaceous aerosol; Radiocarbon; Automated pre-treatment system; Organic and elemental carbon separation.

INTRODUCTION
Radiocarbon analysis is a powerful tool for the source
apportionment of carbonaceous aerosol and has been used
to successfully identify main pollution sources in various
areas of the globe (Currie, 2000; Szidat et al., 2006;
Gustafsson et al., 2009; Glasius et al., 2011; Heal, 2014; Liu
et al., 2014; Zotter et al., 2014; Winiger et al., 2015; Dusek
et al., 2017; Zhang et al., 2017). Radiocarbon measurements
are done with accelerator mass spectrometers (AMS), which
measure the ratio of 14C/12C either on pure CO2 or on graphite
targets (van der Plicht et al., 2000; Ruff et al., 2007; Synal
et al., 2007; Povinec et al., 2009; de Rooij et al., 2010).
Therefore, the carbonaceous material in aerosol samples has to
be converted to CO2 and, for some AMS types, subsequently
to graphite before it can be analyzed. In recent years, much
progress has been made to reduce the sample size required
for AMS measurements. This is advantageous for many
applications, but it also places high requirements on the
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pre-treatment to introduce as little contamination as possible.
For small samples this contamination can even become the
limiting factor in the accuracy of the 14C measurements
(Klinedinst et al., 2000).
The 14C/12C ratio of a sample is reported relative to an
oxalic acid standard (OXII) and in aerosol research it is
usually expressed as fraction modern (F14C). The 14C/12C
ratio of the OXII standard is related to the unperturbed
atmosphere in the reference year of 1950 by multiplying it with
a factor of 0.7459 (Mook et al., 1999; Reimer et al., 2004):
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The 14C/12C ratio of the sample and standard are normalized
to δ13C = –25‰.
For aerosol samples it is useful to measure radiocarbon
separately on organic carbon (OC) and elemental carbon (EC).
Methods for OC-EC separation rely on the different thermal
resistivity of OC and EC, with OC being more volatile and
more easily combusted and EC more refractory. Usually OC is
isolated from the sample by combustion or thermal desorption
at lower temperatures and EC by combustion at higher
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temperatures. Special care has to be taken during the removal
of OC to minimize the formation of pyrolysis products,
which are very similar to the native EC in the sample and
therefore contaminate the isolated EC fraction. To this end,
various methods for OC-EC separation have been developed
in the recent years that remove OC at several temperature
steps in either pure O2 (Szidat et al., 2004; Dusek et al.,
2014) or He flow (Liu et al., 2017), or O2 followed by He
steps (Zhang et al., 2012; Bernardoni et al., 2013). A recent
inter-comparison has shown that three methods in pure O2
and O2/He give similar results for F14C of the extracted OC
and EC (Zenker et al., 2017), at least for a limited number
of filter samples. An earlier inter-comparison showed that a
wider range of methods give comparable results for OC and
total carbon, but definite conclusions regarding F14C of EC
were not possible in that study (Szidat et al., 2013).
In this work we describe an automated system for
combustion of EC and OC called AAC (Automated Aerosol
Combustion system), which is a further development of the
ACS system, described in (Dusek et al., 2014). The goal was
to replace the labor-intensive manual extraction by a fully
automated system that delivers purified CO2 samples with
minimal contamination to allow for studies with high time
resolution or size-resolved sampling. The objective of this
work is to demonstrate the operation and quality assurance
of the automated method, but not to evaluate or test any
particular protocol, which has been the subject of previous
studies (Zhang et al., 2012; Bernardoni et al., 2013; Dusek
et al., 2014; Zenker et al., 2017).
METHODS
System Setup and Operation
Fig. 1 shows a schematic setup of the AAC system. The
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system consists of a combustion line at a pressure of ~30
mbar above ambient (on the left side of Fig. 1) and a CO2
purification and collection line at low pressure. The two
parts of the system are separated by a needle valve.
Either helium or oxygen can be selected as carrier gas.
The system currently contains two combustion units (O1 and
O2, located downstream of shut-off valves G1 and G2) and
storage units (blue glass vials downstream of valves B1-B4),
but can be extended with up to six more. Each combustion
unit consists of a front and a back oven. A schematic
drawing of the oven system and the temperature profile in
the front and back oven during normal operation is given in
the appendix (Figs. S1 and S2). The sample is placed in the
front oven and the back oven is filled with platinum catalyst
to oxidize incomplete combustion products to CO2. A bypass
line (at G3) allows to flush the system, while all combustion
units are closed and a small purge flow (at G4) prevents dead
volumes in the line after the ovens. After exiting a combustion
unit, the carrier gas flow containing the combustion products
passes an infrared gas analyzer (IRGA, Vaisala GMP343;
0–1000 ppm range; Vantaa, Finland) and a water trap filled
with phosphorous pentoxide. The IRGA was calibrated
against a high performance NDIR CO2-H2O detector (Model
7000, LICOR Inc., Lincoln, NE, USA) as described in the
supporting material A2.
After the needle valve, an additional water trap, cooled
by a dry ice/ethanol mixture, removes any remaining water
vapor. Subsequently, the flow can be directed either to the
OC collection line or to the EC collection line. Both lines
contain a liquid nitrogen (LN2) trap, but the OC collection
line additionally contains a reduction oven (O3) filled with
Cu and Ag, in which combustion by-products such as SO2,
NOx, or halogens are either removed or converted to noncondensible gases. For EC this is not necessary, since

Fig. 1. A schematic diagram of the AAC system. Valves are indicated as black squares, stainless steel tubing as grey lines,
(quartz) glass parts in blue and pressure sensors in yellow. The system currently contains two ovens (O1, O2) to combust
the samples, a CO2 analyzer to quantify the resulting amount of CO2 (IRGA), two liquid nitrogen traps for collecting CO2
from oven 1 and oven 2 respectively (L1, L2), a reduction oven (O3), and four storage vials located after valves (B1–B4),
which are submersible in liquid nitrogen container L3.
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combustion of EC yields almost pure CO2. Condensation of
oxygen in the liquid nitrogen traps is prevented by the low
pressure after the needle valve. After collection of all
condensable combustion products in either trap L1 or L2,
that trap is evacuated, the container with LN2 is lowered and
the gases are expanded again. At the same time the glass
storage tubes (breakseals) are cooled with LN2 and the
combustion products are transferred to them by cryogenic
pumping. In the OC collection line the combustion products
pass the reduction oven, where SO2, NOx, and halogens are
removed. After CO2 is transferred, the storage tubes are
evacuated and closed by valves (B1–B4) until all combustions
have finished, at which point they are flame sealed and
removed from the system.
Combustion and Collection of OC and EC
The system is fully automated using a programmable
logic controller (PLC) and custom software that allows for
user defined temperature protocols. Per temperature protocol
at most two carbon fractions can be collected, one in the OC
line and one in the EC line. In principle any temperature
protocol, involving temperature steps in He and/or oxygen
can be run on the system, making the use of it very flexible.
To illustrate a typical system operation we show a filter
analysis, using the 2-step O2 protocol, which has been

previously designed and tested by (Dusek et al., 2014) as an
example. In this protocol the carrier gas is pure O2 in all
temperature steps. The flow rate is adjustable, and has ben
set to 100 mL min–1 for the pure O2 protocol.
Fig. 2 shows the set point and actual temperatures of the
ovens (upper panel), the CO2 amount measured by the
IRGA (middle panel), and the pressures recorded in the EC
line at P1 in green and the OC line at P2 in yellow on a
logarithmic scale (lower panel). At the start of the sequence,
the back oven with the catalysts is heated to 650°C and
remains at this temperature throughout the whole extraction.
At the end of the extraction it is briefly heated to 700°C to
clean potential buildup of material in the area of the small
temperature drop between the ovens (Fig. S2). The sample
is manually inserted into the front ovens, which are then
analyzed sequentially according to the chosen protocol.
During a typical OC-EC protocol the oven is first flushed to
the vent, resulting in a small CO2 peak, as the ambient air is
flushed out of the system. Approximately 8 minutes after
starting the temperature protocol, the O2 flow is redirected
to the OC collection line and the OC trap I is cooled by
raising lift 2 (L2). This can be seen by an increased pressure
in the OC line (yellow). Subsequently, the temperature of
the front oven is raised to 375°C (blue line), and reaches the
set point typically within 30 s. The CO2 peak from combusted

Fig. 2. Time series of oven temperature, CO2 concentration and pressure in measured in the OC and EC line during a typical
OC-EC extraction. Upper panel: setpoint and actual temperature in the back oven (dark and light red lines, respectively) and
in the front oven (dark and light blue lines). Middle panel: CO2 concentration measured by the IRGA detector. Lower panel:
Pressure recorded at sensor P1 on the EC trap (green line) and P2 on the OC trap (yellow line).
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OC is detected by the IRGA. After OC combustion the
temperature in the front oven is increased to 450°C and a
mixture of the most refractory OC and less refractory EC is
combusted and the resulting CO2 is discarded via the vent.
This results in a less than 100% recovery of OC and EC,
which is common practice in radiocarbon analysis of aerosol
samples (e.g., Zhang et al., 2012; Bernardoni et al., 2013;
Dusek et al., 2014). Meanwhile the OC line is evacuated, as
evidenced by the pressure drop in the OC line, and the
combustion products are released from the trap into the
volume enclosed by V4, V5, and V6 in Fig. 1. The pressure
increases in two steps: first combustion products such as
CO2 evaporate, followed by thermal expansion as the trap
warms to room temperature. Additionally some combustion
products with higher boiling points, such as SO2 can be
released during the thermal expansion. Subsequently, the
released gases are transferred to the breakseals via cryogenic
pumping and the pressure in the OC line gradually decreases.
They pass the reduction oven, where SO2 is reduced to S
and NOx to N2. The latter results in a small rest pressure in
the system, which is evacuated before the valve on the
breakseal is closed.
During the cryotransfer in the OC line, EC is combusted
and collected in a similar manner as OC. The cryotransfer
in the EC line proceeds much faster due to the absence of
the reduction oven and N2 gas.
Tests of CO2 Quantification and Purification
The quantification of the CO2 amount by the IRGA was
tested against an independent manometric method, where
the CO2 collected in the breakseal was transferred to a preevacuated known volume, the resulting pressure was
measured and the mass of CO2 calculated via the ideal gas
law. This test also serves as an additional check for purity
of the sample, since the IRGA only detects CO2, whereas
the manometric method also detects increased pressure by
possible contaminants that remain in the sample. If a sample
is not sufficiently purified, the CO2 amount determined by
the manometric method will be higher than the CO2 amount
directly measured by the IRGA.
We tested the sample purification in the reduction oven
by measuring the sample and residual gas after purification
and CO2 collection. A quadrupole mass spectrometer (residual
gas analyzer (RGA), model XT100, Extorr Inc., New
Kensington, MA, USA) was used to analyze the mass
spectrum of the purified sample and the residual gas in the
system, after cryotransfer of the sample to the break seals.
The purified sample was first collected in a sample flask, and
introduced into the RGA. For measuring the composition of
the residual gas the RGA was connected downstream of the
AAC’s vacuum pump, to where to residual gas was pumped
away.

Since the directly determined system blank (i.e., the amount
of CO2 measured when no sample is introduced) is on the
order of < 0.5 µg, it is much too small to be analyzed for
14
C. Therefore the amount and F14C of the contamination
are determined indirectly by combusting small amounts of
standard material with known F14C values, namely the OXII
standard with a nominal F14C value of 1.34066 and 14C free
standard (background wood) with F14C = 0. 14C measurements
were conducted using the the Mini Carbon Dating System
(MICADAS) AMS (Synal et al., 2007) at the Centre for
Isotope Research at the University of Groningen using a gas
inlet system (Ruff et al., 2007). The F14C values are
corrected for memory effect (Wacker et al., 2010) and for
instrument background (Salazar et al., 2015) and normalized
to the average value of (memory and background corrected)
gaseous OXII standards, which corrects for contamination
introduced during the AMS measurement.
If contamination is introduced into the combustion, the
measured F14C values of the standards will deviate from the
nominal values and from this deviation the contamination
can be estimated as follows. The contamination can be
separated into two components: a fossil contamination (Mfc,
F14Cfc = 0) and a modern contamination (Mmc, F14Cmc = 1).
The measured mass (Mm) and F14Cm of any standard
combusted on the system are given by:
Mm = Mst + Mmc + Mfc

(1)

F14Cm Mm = F14Cst Mst + F14Cmc Mmc + F14Cfc Mfc
= F14Cst Mst + Mmc,

(2)

where Mst is the unknown true mass of the standard and
F14Cst can be 0 or 1.34066, depending on the standard. We
treat the true mass of the standard as unknown, since we do
not weigh the standard to avoid introducing extra
contamination.
The modern contamination can be estimated from the
combustion of the 14C-free standard, which reduces Eq. (2)
to
Mmc = F14Cm Mm

(3)

Knowing the Mmc, we can derive the fossil contamination,
by combining Eqs. (1) and (2) and substituting F14Cst =
1.34066 as:
Mfc = ((1.34066 – F14Cm) Mm – ((1.34066 – F14Cmc) Mmc)/
1.34066
(4)
The fraction modern of the total contamination can be
calculated by mass balance:
F14Cc = Mmc/(Mmc + Mfc)

Tests of Sample Contamination during Combustion
Contamination introduced during the combustion process
(blank) can be divided into two parts. A constant background
contamination and a cross-contamination (or memory effect),
where a given sample is contaminated by the residual carbon
or CO2 in the system from the sample analyzed before.
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(5)

Test Samples
Ambient aerosol filter samples are used to assess the
sample purification and quantification. These samples are
collected on pre-cleaned (800°C for 4 hours) quartz fiber
substrates. After sampling the filters are kept in pre-cleaned
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aluminum foil and stored frozen until analysis. All material
that came into contact with the filters during cutting and
handling was pre-cleaned with acetone and ethanol and
allowed to dry completely before use.
RESULTS AND DISCUSSION
After combustion, the condensable products are collected
in trap P1 (EC) and P2 (OC). When liquid nitrogen is
removed from the traps to expand the combustion products,
we usually observe an increase in pressure (measured at
BB1 or BB2) in two distinct steps, corresponding to the
evaporation of more and less volatile combustion products,
respectively. Fig. 3 shows a scatter plot of the pressure
recorded 30s after the liquid nitrogen removal vs. the
pressure 180s seconds after liquid nitrogen removal for both
EC and OC. After 30s only the most volatile combustion
products (CO2 and potentially NO) have evaporated, where
as at 180s the pressure has stabilized which indicates that all
combustion products have evaporated and the system has
achieved thermal equilibrium. For EC, which is not expected
to contain significant amounts of contaminants, the

pressures measured after 30 s and 180 s are tightly correlated
(Fig. 3(a)). A linear regression (solid line) indicates that the
pressure after 180 s is approximately a factor of 1.1 higher
than the pressure after 30 s.
For OC the values are more scattered (Fig. 3(b)). As a
comparison the linear fit derived for EC (Fig. 3(a)) is also
plotted and shows the expected increase in pressure from
the thermal expansion of gases evaporated after 30 s. All
data points lie above this line. This indicates the presence of
gases such as NOx and SO2 in the combustion effluents of
OC. The difference between the observed pressure at 180 s
and the pressure expected from thermal expansion is a
measure of their relative contribution. In most samples this
contamination is small compared to the amount of CO2.
Fig. 4(a) shows mass spectra of the CO2 collected from
the TC combustion of a typical filter sample after purification
and Fig. 4(b) the mass spectrum of the rest gas that remains
in the system after the CO2 is collected in the breakseal. The
purified gas that is later fed into the AMS, shows the main
peak at mass 44 (CO2) as well as typical minor fragment peaks
at mass 28 (CO) and mass 16 (O), but no other peaks, which
confirms that the system yields pure CO2 after purification.

Fig. 3. A scatter plot of the gas pressure measured at two time periods during the evaporation of combustion products
collected in trap 1 and 2: 180 s vs. 30 s after removing liquid nitrogen from the trap during (a) EC combustion; the combustion
products are collected in trap P1 and the pressure during evaporation is measured in the volume enclosed by valves V1, V2
and V3 (see Fig. 1). (b) OC combustion; the combustion products are collected in trap P2 and the pressure during evaporation
is measured in the volume enclosed by valves V4, V5 and V6. The black line indicated the best fit line for EC, shown in
Fig. 3(a).

Fig. 4. The mass spectrum of (a) a typical the sample collected in the breakseal after TC extraction from a test filter sample;
(b) the rest gas that remained after the CO2 was collected in the breakseal.

Dusek et al., Aerosol and Air Quality Research, 19: 2604–2611, 2019

The rest gas contains a major peak at mass 28, with a minor
fragment at mass 14. This is a typical spectrum for N2,
which results from the reduction of NOx and N2O in the
copper oven. Further, there are traces of CO2 (mass 44) and
water vapor (mass 18, with fragments at mass 17, 16), but
in very small amounts. Sulfur compounds are not present in
either the collected sample or the rest gas.
The CO2 amount determined by the calibrated IRGA
analyzer is evaluated against the manometrically determined
CO2 amount of the final purified CO2 (Fig. 5) extracted from
a number of ambient aerosol filter samples. The manometric
measurement uses a calibrated volume of 2.5 mL and is
conducted shortly before transferring the CO2 to the AMS.
The slope of a linear fit through the data points is only
slightly different from 1 and this excellent agreement shows
that the IRGA is well calibrated for a wide range of sample
sizes. CO2 samples resulting both from OC and EC combustion
are included in Fig. 5. Since the IRGA only detects CO2,
whereas the pressure in the calibrated volume is sensitive
also to other gases potentially present in a not sufficiently
purified sample, the agreement between the two methods also
gives additional confirmation of the successful purification of
the CO2 samples.

2609

Fig. 6 shows the F14C of standard materials (OXII and
background wood) that were combusted on the ACS system.
The F14C values were corrected for contamination introduced
during AMS measurement (including the contamination in
the used calibration materials). Therefore the deviation of
the measured from the nominal value is caused solely by
the contamination introduced during the combustion. For
sufficiently large standards (mass > ~250 µg for OXII and
> ~100 µg for background wood), the measured F14C values
approach the nominal values within measurement
uncertainties, indicating that the contamination of the samples
is not significantly larger than those of the AMS calibration
materials. For smaller standard amounts, the F14C values start
to deviate from the nominal values and show considerable
variability, indicating that the contamination is somewhat
variable. The smaller standards were used to calculate
modern (Mmc) and fossil contamination (Mfc) according to
Eqs. (1)–(4). Mmc was on 0.13 ± 0.21 µg and Mfc was on
average 0.87 ± 0.61 µg (average ± standard deviation). The
total contamination agrees well with directly determined
blank amounts of < 1 µg. The variability of the contamination
suggests that it is partially introduced during the sample
handling. The larger fossil contamination indicates that

Fig. 5. The CO2 mass determined both by the calibrated IRGA (Vaisala) directly after the combustion oven against the CO2
mass of the final purified CO2, determined by a manometric method.
2
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Fig. 6. F14C values of standard materials (OXII and a 14C free wood; background wood) combusted on the system at 650°C
in pure O2. Standard materials were directly placed on a pre-cleaned filter without pre-weighing to avoid introducing extra
contamination.
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cleaning agents used in our laboratory (e.g., 14C free acetone)
contributes to this contamination. However, the overall
contamination is 1 µg or less, which is relatively low. A
larger contamination is usually introduced during filter
sampling (field blank) and it is our recommendation to
directly measure 14C values of the field blanks and use these
for correction of aerosol samples, if available, rather than the
values determined here, as in that way the total contamination
is accounted and corrected for.
Potential cross-contamination was investigated by
alternately combusting OXII and background wood standards
with masses between 20–100 µg, which are in the range of
aerosol samples typically combusted on this system. Fig. 7
shows F14C values of the standards in the order in which
they were combusted. This demonstrates that background
wood standards combusted immediately after OXII standards
do not show elevated 14C values and 14C values of OXII
combusted after background wood are not decreased.
Therefore cross-contamination for sample sizes below
100 µg can be neglected. As a further test we combusted a
small OXII sample directly after a very large background
wood standard (mass > 1.7 µg). For this sample we identified
an increased fossil contamination (Mfc = 3.4 µg), which
corresponded to a cross-contamination of approximately
0.15% of the mass of the previous wood standard. This
confirms that cross-contamination for samples in the < 100 µg
range is negligible.
CONCLUSIONS
The automated combustion system described in this study
is optimized for extracting organic and elemental carbon
from aerosol samples for 14C analysis. When extended to a
total of eight ovens, eight samples can be processed fully
automatically. Evaluation of the system shows that it
produces purified CO2 samples with SO2, NOx, H2O, and
halogens arising from combustion of inorganic aerosol
constituents successfully removed. CO2 amounts measured
with a calibrated NDIR sensor agree well with an independent
manometric method. Combustion of standard materials
134
F14C (%)

133
132
131
130
2
F14C (%)

1
0
‐1

OX‐II BGwood BGwood OX‐II

OX‐II BGwood

Fig. 7. F14C values of standard materials OXII and
background wood (BGwood), shown in the sequence in
which they were combusted.

indicates that the contamination introduced during sample
handling and combustion is about 1 µg and has a dominantly
fossil contribution.
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