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• 13C analysis of EC at the sub-μgC level is
achieved by the TOA-IRMS system.

• OC/EC separation and possible effects on
the isotopic composition were evalu-
ated.

• EC can be well isolated for 13C analysis
using the thermal-optical split point.

• Incomplete isolation of EC can bias dual
isotope source apportionment.
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We describe and thoroughly evaluate a method for 13C analysis in different fractions of carbonaceous aerosols,
especially elemental carbon (EC). This method combines a Sunset thermal-optical analyzer and an isotope
ratio mass spectrometer (IRMS) via a custom-built automated separation, purification, and injection system.
Organic carbon (OC), EC, and other specific fractions from aerosol filter samples can be separated and analyzed
automatically for 13C based on thermal-optical protocols (EUSAAR_2 in this study) at sub-μgC levels. The main
challenges in isolating EC for 13C analysis are the possible artifacts during OC/EC separation, including the prema-
ture loss of EC and the formation of pyrolyzed OC (pOC) that is difficult to separate from EC. Since those artifacts
can be accompaniedwith isotope fractionation, their influence on the stable isotopic composition of ECwas com-
prehensively investigatedwith various test compounds. The results show that the thermal-optical method is rel-
atively successful in OC/EC separation for 13C analysis. The method was further tested on real aerosols samples.
For biomass-burning source samples, (partial) inclusion of pOC into EC has negligible influence on the 13C signa-
ture of EC. However, for ambient samples, the influence of pOC on the 13C signature of EC can be significant, if it is
not well separated from EC, which is true for many current methods for measuring 13C on EC. A case study in
Xi'an, China, where pOC is enriched in 13C compared to EC, shows that this can lead to an overestimate of coal
and an underestimate of traffic emissions in isotope-based source apportionment.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Carbonaceous compounds are a major fraction of ambient aerosols
in various environments (Huang et al., 2014; Fuzzi et al., 2015; Tao
et al., 2017), and have been widely studied due to their climate and
health effects. The total carbon (TC) content of carbonaceous aerosol
can be sub-divided into organic carbon (OC) and elemental carbon
(EC), where OC is carbon in organic compounds with variousmolecular
sizes and EC is carbon in graphite or other carbon crystals (Petzold et al.,
2013). OC can be emitted as primary particles from combustion sources
(Chen et al., 2005; Habib et al., 2008) and be formed as secondary par-
ticles from oxidation of biogenic and anthropogenic volatile organic
compounds (Kroll and Seinfeld, 2008; Hallquist et al., 2009). On the
other hand, EC has only primary sources, produced in high-temperature
combustion processes, mainly through solid fuel (coal or biomass) com-
bustion and traffic emissions (Andreae and Gelencsér, 2006; Andersson
et al., 2015).

The separation andquantification of OC andEC is inherently difficult,
and various methods result in different separation. Currently, there are
three main kinds of methods used: thermal methods combining inert
and oxidizing conditions, thermal methods in an oxidizing atmosphere,
and thermal-optical methods with inert and oxidizing conditions.
Thermal methods combining inert and oxidizing conditions first desorb
OC under inert conditions (He or N2), and then combust the remaining
carbon in oxygen and characterize it as EC. However, during desorption
some parts of OC may form pyrolyzed OC (pOC), which later evolves
during the EC step and thus is classified as EC. To solve this problem,
thermal-optical protocols have been designed, such as EUSAAR_2
(Cavalli et al., 2010), IMPROVE (Chow et al., 2001), NIOSH 5040 (Birch
and Cary, 1996), to correct for the contribution of light-absorbing pOC
to EC. For example, in the EUSAAR_2 protocol, the pOC is determined
based on the change of a laser signal transmitted through the filter.
Specifically, the laser transmission signal first decreases due to OC py-
rolysis under inert conditions and then increases as pOC and then EC
are combusted in the oxidizing atmosphere. The OC/EC split is set at
the time, when the laser transmission signal again reaches the initial
value. Finally, the thermal methods in oxidizing atmosphere are de-
signed to minimize pOC formation and combust OC directly in oxygen
at relatively low temperature, e.g., 375 °C in the CTO-375 protocol
(Zencak et al., 2007), and then combust EC in oxygen at higher temper-
ature. These are mainly used for isolation of EC for radiocarbon (14C)
analysis.

Stable carbon isotope (13C) analysis has long been used for aerosol
source apportionment (Cachier et al., 1985; Norman et al., 1999), taking
advantage of different 13C signatures for main aerosol sources (Smith
and Epstein, 1971; Widory, 2006). More recently, studies have focused
on 13C signatures of different carbon fractions, such as TC, OC, EC,
water-soluble OC (WSOC), and other specific carbonaceous compounds
(Fu et al., 2012; Andersson et al., 2015; Masalaite et al., 2018; Han et al.,
2020). OC has many potential sources, and the 13C signature of OC can
be changed by atmospheric processes (Pavuluri and Kawamura, 2012;
Kirillova et al., 2013). Therefore, chemical tracers or factor analysis of
organicmass spectra aremore commonly used for OC source apportion-
ment (Zhang et al., 2017). Different from OC, EC only forms in combus-
tion processes and the EC sources are therefore limited to coal burning,
biomass burning (C3 and C4 plants), and traffic emissions. In addition,
EC is chemically inert in the atmosphere (Schauer et al., 2003), making
EC a good tracer of primary emissions. However, 13C analysis of EC alone
can give only a qualitative indication of sources rather than a quantita-
tive source apportionment (Martinsson et al., 2017). Radiocarbon (14C)
analysis enables a clear distinction between contemporary and fossil
carbon (Szidat et al., 2004; Gustafsson et al., 2009). Applying 14C and
13C analysis allows to separate the EC sources quantitatively (Chen
et al., 2013; Andersson et al., 2015; Ni et al., 2018).

13C analysis with reliable OC/EC separation has therefore become in-
creasingly important. Different methods have been applied to carbon
2

isotope analysis, including thermal methods combining inert and oxi-
dizing steps (Cao et al., 2011; Kawashima and Haneishi, 2012; Guo
et al., 2016), thermal methods in oxidizing atmosphere (Zhang et al.,
2012; Dusek et al., 2014), thermal-optical methods (Huang et al.,
2006; Gustafsson et al., 2009; Chen et al., 2013; Andersson et al.,
2015), sometimes afterwater extraction (Fisseha et al., 2009). However,
the effects of these different methods on the carbon isotope composi-
tion of EC have not been fully characterized, including the thermal-
optical methods. For these, the optical OC/EC split was originally
introduced as a way to compensate for pOC formation, but not as a
physical separation of OC and EC and it is not completely clear to
which extent EC is separated from pOC at the split point. Apart from
pOC formation, isotope fractionation can also happen in chemical and
physical processes involved in OC/EC separation, whichmay lead to dif-
ferent 13C values depending on the separation protocol. The challenges
of thermal-optical OC/EC separation for 13C analysis can be classified
into the following categories. First, if all or part of pOC is classified as
EC (by using no split point, or if the split time is too early), EC will
have an altered 13C signature due to mixing. On the other hand, if a
part of EC is lost (too late split time), ECmight have altered 13C signature
due to the kinetic isotope effect. Second, thermal desorption and pyrol-
ysis may cause isotopic fractionation, which means different 13C values
in desorbed OC and pOC. Third, for methods minimizing the formation
of pOC by combustion in pure O2 at relatively low temperatures, a
small but consistent loss of EC in pure O2 changes the 13C value of the
remaining EC through isotope fractionation (Zhang et al., 2012; Dusek
et al., 2014). A certain degree of mixing of pOC into EC or EC being
combusted before the split point may be acceptable (and unavoidable),
but it is important to better understand the related processes and the ef-
fects on isotopic composition of EC.

In our laboratory, an automated system is in use to analyze 13C of
OC by desorption in an inert atmosphere (Dusek et al., 2013; Zenker
et al., 2020). In this work, this automated system is modified to en-
able the thermal-optical analysis of 13C in EC. Most methods for 13C
analysis in EC described in the literature are offline (Huang et al.,
2006; Gustafsson et al., 2009; Fisseha et al., 2009; Cao et al., 2011;
Chen et al., 2013), where glass containers or flame-sealed tubes are
needed to store CO2 for independent 13C analysis. In this method,
the carbonaceous fractions are sequentially separated, combusted,
purified, and immediately analyzed for 13C, avoiding any manual
transfer of CO2. Since the problems of online combustion and
purification have been solved, the transfer interface should be
applicable to online measurements and possible field instruments.
In the first part of this work, the OC/EC separation, including pyrolysis
and isotopic fractionation, is evaluated using different organic materials
and their mixtures with carbon black (a surrogate of EC). The method is
then applied to biomass-burning source samples and ambient aerosol
samples, and finally in a 13C-14C source apportionment sensitivity study.

2. Materials and methods

2.1. System and method description

Our system consists of a Sunset thermal-optical analyzer (TOA,
Sunset Laboratory Inc.) coupled to a continuous flow IRMS (652 Optima,
VG, Isoprime) via a custom-built interface for sample separation, combus-
tion, CO2 collection, and purification. Specific fractions of carbonaceous
aerosols are converted to CO2 in the TOA (Fig. S1).

The interface schematic of the TOA-IRMS automated system is
shown in Fig. 1a. In Mode 1, CO2 produced from OC and EC is first
flushed through a drier (SICAPENT, Merck), and then captured in a liq-
uid nitrogen trap. After that, the 6-port valve is switched, and the sys-
tem is changed into Mode 2. The CO2 is transferred from the first
liquid nitrogen trap to the concentrating trap (also liquid nitrogen,
silicon capillary with small diameter). Finally, the CO2 sample is
transferred from the concentrating trap through a reduction oven



TOA

Outlet

Liquid nitrogen trap

Mode 1
CO2 collection

IRMS

P

Pressure 1

Pressure 2

Drier

Needle valve

Concentrating trap

GC

He

Open

split

Vacuum

pump

Reduction

oven

P

(a)

Needle valve~ 1 bar ~ 0.07 bar
Sample thermal desorption
and combustion

Sample purification
and collcetion

TOA

Outlet

Liquid nitrogen trap

Mode 2
CO2 injection

& Standby

IRMS

Open

split

P

Pressure 1

P

Pressure 2

Drier

Needle valve

Concentrating trap

GC

He

Reduction

oven

Vacuum

pump

(b)

Fig. 1. (a) Schematic of the Sunset thermal-optical analyzer (TOA) - IRMS system (transfer
interface) and operationmodes. The green lines refer to the sample gas flow from the TOA.
Theblue lines refer to theHe carrier gasflowwhich transports the purified sample into the
IRMS. Mode 1 is the capturing of CO2, and Mode 2 is the transfer of CO2 and 13C
measurement. (b) Pressure control for online combustion and purification based on O2

Liquid-Vapor (L-V) saturation and CO2 Solid-Vapor (S-V) saturation.
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(filled with copper and silver) and a gas chromatography column (GC,
Agilent Technologies Inc.) into the IRMS via a custom-made open-split
interface. The reduction oven and the GC column are used to eliminate
the influence of interfering gases (e.g., N2O and NO2).

The thermal-optical protocols use an oxidizing atmosphere (10% O2

in He) to combust EC. Oxygen is necessary for the combustion of EC, but
substantial quantities of oxygen can co-freeze in the liquid nitrogen trap
at ambient pressures, causing a pressure shock to the system upon
warming of the trap. In addition, the presence of oxygen in the carrier
gas was found to shift the measured δ13C values (the exact reason is
not entirely clear, and it may be related to the ionization zone of the
IRMS). To prevent the collection of oxygen, a needle valve is installed
after the drier, and a vacuum pump is installed after the first liquid
3

nitrogen trap. This allows the sample desorption and combustion at a
pressure slightly above atmospheric (before the needle valve), while
the CO2 collection and purification in the liquid nitrogen trap is
achieved at a much lower pressure (0.02–0.07 bar, after the needle
value), as is shown in Fig. 1b. The vapor pressure of O2 is around
0.2 bar at 77 K, so O2 will not freeze in the liquid nitrogen trap below
0.07 bar, whereas CO2 can be well captured. More details about the
operating process can be found in Supporting Information Section S1.

2.2. Thermal desorption protocol

As the transition from OC to EC is gradual, it is not possible to isolate
EC unambiguously for isotopic analysis, and several approaches are
used in the literature. In this work, the EUSAAR_2 protocol (Cavalli
et al., 2010) is used to isolate EC (Table S1). The aerosol sample is heated
first in several temperature steps in an inert He atmosphere to volatilize
OC, and later in several temperature steps in an oxygen-rich atmo-
sphere (He/O2) for combustion of pOC and EC. The laser transmittance
(Diode laser, 658 nm) through the filter is used to quantify pOC
formation (Fig. S1). The laser transmittance first decreases due to pOC
formation in He and then increases as pOC (potentially along with
some native EC) is combusted in He/O2. The moment that the laser
transmittance signal arrives back at the original value is defined as
OC/EC split point. Filters were analyzed in two steps: the first OC/EC
analysis is used to determine the split time, and at the same time all
evolved CO2 is captured for 13C analysis of TC. The second run only
captures our best estimate of EC, namely the carbon fraction evolved
after the recorded split time. While this does not guarantee 100% phys-
ical separation of pyrolyzed carbon from native EC, pOC is likely
combusted at lower temperatures than the majority of EC, because of
its formation by pyrolysis at low temperatures. To avoid ambiguity,
pOC in this study specifically refers to the carbon fraction evolved be-
tween the start of the He/O2 phase and the split time in EUSAAR_2
protocol, and EC refers to the fraction captured after the split time. To
avoid traces of oxygen in the trap, the EUSAAR_2 protocol is modified
with an extra He flushing step (Table S1). A thermogram of an ambient
aerosol sample can be found in Fig. S2 as an example.

2.3. 13C measurement and correction

13C/12C ratios are reported in the so-called delta notation (δ13C). The
δ13C values are calculated as the relative difference between the 13C/12C
ratio (R13) of the sample and that ratio of the international primary
standard Vienna Pee Dee Belemnite (VPDB):

δ13C ¼ R13
Sample

R13
VPDB

− 1 ð1Þ

In our laboratory, the δ13C values of samples are calibrated by a
three-point linear fit based on two local referencematerials CAN (isoto-
pically enriched caffeine, δ13C = 0.61‰ ± 0.10‰) and CAF (caffeine,
δ13C = −38.2‰ ± 0.10‰) and the international reference material
LVal (L-Valine, USGS73, δ13C = −24.03‰ ± 0.04‰) (Schimmelmann
et al., 2016). These values have been determined using the VPDB-
LSVEC two-points scale (Coplen et al., 2006). Even though the material
LSVEC itself is no longer recommended as second anchor material, the
scale is still transferable using the various international referencemate-
rials that originally have been determined using LSVEC as secondanchor
(Qi et al., 2021). The software of our IRMS evaluates the original δ45 and
δ46 measurements using the 17O correction according to the method by
Craig (1957), but since our reference materials have been determined
using the ion correctionmethod by Brand et al. (2010), all our calibrated
results agree with this method of ion correction to <0.01‰.

The reference materials were first dissolved in deionized water
(3 μg/μL), and then the solutions were loaded on the quartz filter
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(Whatman®, GE, pre-cleaned at 650 °C for 2 h), dried at 110 °C and
combusted into CO2 for 13C analysis. The CAN and CAF were measured
at least once per day, and LVal was analyzed at least twice per day.
The δ13C values of the reference materials measured during one week
were averaged and used in the linear fit for the calibration valid for
the same week. One δ13C value of LVal was used for calibration, while
the other one was used as a quality control (QC) sample for the evalua-
tion of uncertainties and potential drifts occurring over days or long-
term periods. The calibrated δ13C values of these QC LVal from June to
August 2019 are shown in Fig. S4. Both the drift and reproducibility
(standard deviation of 0.13‰) are fully acceptable.

In this study, δ13C with a subscript of carbon fractions denotes the
δ13C value of that fraction, e.g. δ13CEC, δ13CTC. Most measurements
were repeated more than 3 times, and the standard deviation was
used for measurement uncertainty. For the samples measured less
than 3 times (e.g. due to limited availability of sample materials), the
uncertainties are assumed to be the long-term variability in the mea-
surements of QC LVal standard.

2.4. Pyrolysis tests

Some organic materials were selected as test compounds: sucrose,
humic acid (HA), humic acid sodium salt (HASS) from Sigma-Aldrich,
Suwannee River Fulvic Acid Standard III (SRFA) and Elliott Soil Fulvic
Acid Standard V (ESFA) from the International Humic Substances Soci-
ety. These organic compounds vary in molecular weight and water-
solubility, and can represent different organic aerosol components. HA
(water-insoluble) and HASS (water-soluble) are used as representative
compounds for high molecular weight OC that are known to pyrolyze
substantially during thermal desorption. Sucrose (water-soluble) is rep-
resentative of easily pyrolyzed small molecules. SRFA and ESFA (water-
soluble) are easily pyrolyzed with intermediate molecular weight.
These water-soluble organic compounds were weighted and dissolved
in a known volume of deionized water (Table S5). For each measure-
ment, a certain amount of solution was taken by pipette and then
loaded on a quartz filter. The water-insoluble HA was dispersed in
20:80 ethanol/water solution and sonicated in an ultrasonic bath for 5
min, before it was loaded on the quartz filter. More details can be
found in Supporting Information Section S4.

The EUSAAR_2 protocolwas used for pyrolysis tests. Thematerials in
the pyrolysis tests are all organic (without EC), so TOC is defined as total
organic carbon to distinguish from TC. Similarly, pOC in the pyrolysis
tests is defined as the fraction collected from the start of the He/O2

phase to the end. Despite not being EC, pOC_split is defined as a part
of pOC that evolved after the split time.

2.5. EC separation tests

To investigate if the thermal-optical OC/EC split point can be used to
isolate EC for 13C analysis, EC separation testswere conductedwithmix-
tures of carbon black (Nano-powder, Sigma-Aldrich) and the organic
materials above. Carbon black (CB) is used as a surrogate of aerosol
EC, because the composition and size of CB particles is similar to aerosol
EC, including graphite and a variety of carbon crystals. The CB suspen-
sion was prepared using the same method as water-insoluble HA. The
organic solutions and CB suspension were then mixed and loaded on
the quartz filter. The EUSAAR_2 protocol was used to analyze these fil-
terswithmixtures. It is anticipated that if the EC separation is successful,
the EC amount should correspond to the CB amount in the solution and
δ13CEC to the delta value of the pure carbon black material (δ13CCB).

The amount of CB deposited on the filter cannot be controlled pre-
cisely, because the CB concentration in the suspension is non-uniform
and changes with time. However, the CB concentration can be calcu-
lated as the difference between the measured TC of the total mixture
(TCmixture; thermal-optical analyzer) and the known concentration of
the water-soluble organic compounds (TOC) in the solution. The EC
4

recovery can be calculated by dividing the separated EC (thermal-opti-
cal analyzer) by the CB concentration deposited on the filter:

EC recovery ¼ EC
TCmixture − TOC

� 100% ð2Þ

2.6. 13C analysis of biomass-burning source samples and ambient aerosol
samples

Biomass-burning source samples and ambient aerosol samples were
analyzed for the first application of the new method. Biomass-burning
experiments were conducted in the Center for Physical Sciences and
Technology (FTMC, Vilnius, Lithuania). For burning experiments, partic-
ulate matter with aerodynamic diameter less than 1 μm (PM1) was
collected on filters for 15 min each, using a Digitel DH77 aerosol
sampler at a flow rate of 500 L/min. Samples from burning of pine and
oak wood (both C3 plants) were selected as typical source samples,
named PINE and OAK.

Typical European ambient aerosol samples were taken from
the Cesar Observatory in the western part of the Netherlands in
2011. The site is between the cities Utrecht and Rotterdam, and
not far from the cities The Hague, Leiden and Amsterdam, and
therefore represents the regional background of a polluted area
in western Europe. PM2.5 samples were collected with a high-
volume sampler (Digitel DHA-80) at a flow rate of 500 L/min for
several days (variable among seasons). Two samples in summer
and winter were selected for detailed analysis, named NL-summer
and NL-winter, respectively.

Typical Chinese ambient aerosol samples were collected in the
urban area of Xi'an City on a building rooftop of the Institute of
Earth Environment, Chinese Academy of Sciences. The sampling
site is around 15 km south of downtown and surrounded by a resi-
dential area with no major industrial activities, and represents a re-
gional background in a typical inland city in central China. PM2.5

samples were collectedwith 24 h duration using a high-volume sam-
pler (TE-6070 MFC, Tisch Inc., Cleveland, OH, USA) at 1.0 m3/min
every sixth day from 5 July 2008 to 27 June 2009. Two samples col-
lected in spring and winter were selected as typical samples of pol-
luted seasons, named CN-spring and CN-winter.

The biomass-burning source samples and ambient aerosol samples
were collected on precleaned quartz filters, kept in pre-baked alumin-
ium foil and stored at−20 °C before analysis. More sampling informa-
tion can be found in Tables S6–S8, and air mass trajectories of the
aerosol samples can be found in Figs. S5–S6.

These samples were analyzed using the EUSAAR_2 protocol for
δ13CTC and δ13CEC. The δ13COC can be measured directly or calculated
from δ13CTC and δ13CEC based on the isotopic mass balance:

δ13COC ¼ TC� δ13CTC − EC� δ13CEC

� �
=OC ð3Þ

However, the opposite, calculating δ13CEC from δ13CTC and
δ13COC is not feasible, because calculating δ13C of a small fraction
from the difference between two larger quantities will cause
large uncertainties, and the detailed explanation can be found in
Figs. S9–S10.

To further investigate pOC/EC separation aswell as the isotopic com-
position of pOC and EC, first pOC + EC is collected from the start of the
He/O2 phase (where the desorbed OC had been removed in He, but pOC
has not yet been oxidized). Subsequently, the carbon fraction that re-
mains at various times after the start of the He/O2 phase in the
EUSAAR_2 protocol (referred to as remaining carbon, RC) was
collected and measured for δ13C. As pOC is gradually oxidized
(potentially along with the least refractory EC) and finally EC is also
combusted, RC represents the transition from pOC + EC to EC to more
refractory EC.



Fig. 2. 13Cmass dependence based onmeasurements of the standardmaterial LVal (upper
panel) and the correlation between carbon amount measured by the TOA and IRMS peak
area (lower panel). The red symbols show the δ13C of LVal with different carbon amounts
determined by TOA, and the red dashed line shows a linear regression to the data points.
The black dashed line is the average of δ13C values. Blue symbols show the sample transfer
from TOA to IRMS, and the blue dashed line shows the related linear regression.
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2.7. Dual-isotope source apportionment of aerosol EC

Dual-isotope source apportionment of aerosol EC was conducted
based on the following equations.

EC ¼ ECcoal þ ECtraffic þ ECC3 þ ECC4 ð4Þ

EC� F14CEC ¼ ECcoal þ ECtrafficð Þ � F14Cfossil þ ECC3 þ ECC4ð Þ
� F14Cnon�fossil ð5Þ

EC� δ13CEC ¼ ECcoal � δ13Ccoal þ ECtraffic � δ13Ctrafficþ
ECC3 � δ13CC3 þ ECC4 � δ13CC4

ð6Þ

The 14C data (reported as fraction modern, F14C) of the aerosol sam-
pleswere obtained in a previous study (Ni et al., 2018). The simmr pack-
age (Parnell et al., 2010) in R software was used for the 13C-14C source
apportionment, in which Bayesian Markov chain Monte Carlo (MCMC)
was used to propagate uncertainties. The 13C source signatures of EC
for coal combustion (−23.4‰ ± 1.3‰), traffic emissions (−25.5‰ ±
1.3‰), and C3 plant burning (−26.7‰ ± 1.8‰) come from Andersson
et al. (2015) and references therein, and 13C source signature of EC for
C4 plant burning (−16.4‰±1.4‰) comes fromNi et al. (2018) and ref-
erences therein. The emissions from fossil sources are 14C-free, whereas
non-fossil emissions contain the contemporary 14C content (F14Cfossil =
0, F14Cnon-fossil = 1.10 ± 0.05; Lewis et al., 2004; Mohn et al., 2008;
Palstra and Meijer, 2014; Ni et al., 2019).

3. Results and discussion

3.1. Detection limit, reproducibility, and mass dependence

The limit of detection (LOD) is 0.27 μgC and 0.08 μgC for TOA and
IRMS, respectively, andwe use 0.30 μgC for the LODof thewhole system
(Supporting Information Section S3.3), based on measurements of the
LVal standard. In practice, for aerosol filter samples, the measurement
range is 1–20 μgC, considering potential filter contamination during
sampling and handling. Since the sampling blank usually contains only
OC, measurements of EC at sub-μgC level is still possible.

Fig. 2 shows that the δ13C value is nearly independent of the carbon
amount (upper panel), and the carbon mass detected by TOA is linearly
related to IRMS peak area with an insignificant intercept (lower panel).
δ13C values of TC analyzed by the TOA-IRMS system are compared with
an elemental analyzer (EA) - IRMS in Fig. S3, for 12 different ambient
aerosol samples. The averaged difference is−0.08‰±0.06‰ (standard
error of the mean), showing that the TOA-IRMS method compares fa-
vorably to a standard method for 13C analysis of TC.

For 13C analysis of TC using EA-IRMS, various measurement ranges
are reported, such as 0.5–20 mg (Kawashima and Haneishi, 2012) and
10–40 μgC (Martinsson et al., 2017). Liquid chromatography (LC) -
IRMS for water-soluble OC (WSOC) achieves sub-μgC LOD levels, for ex-
ample, 0.222 μgC with 0.6‰ accuracy (Suto and Kawashima, 2018),
0.114 μgC using online wet oxidation (Morera-Gómez et al., 2021),
0.12 μgC for 0.2‰ precision or 0.012 μgC for 1‰ precision (Sessions
et al., 2005). The lowest LOD reported is achieved by the laser ablation
(LA) - IRMS, such as 0.024 μgC with 1‰ precision or 0.042 μgC with
0.41‰ precision (van Roij et al., 2017), and 0.0004 μgC with standard
deviation of 0.25‰ (Rodionov et al., 2019). However, the EA-IRMS, LC-
IRMS, LA-IRMS, or other IRMS systems are not used for 13C analysis of
EC. The commonly used OC/EC separation methods (Huang et al.,
2006; Fisseha et al., 2009; Cao et al., 2011; Chen et al., 2013) are all
offline, where glass containers or flame-sealed tubes are needed to
store CO2 for independent 13C analysis. The sub-μgC LOD of TOA-IRMS
is therefore a considerable advance in 13C analysis of EC.

With the low detection limit, our method can make use of valuable
aerosol filters more efficiently, and allows 13C analysis of EC on
lightly-loaded filter samples, which originate from very clean areas,
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e.g., glacier (Li et al., 2016) and polar regions (Winiger et al., 2016).
This method is also promising for shorter sampling time or high time
resolution, thus making real-time observation possible. The transfer in-
terface can be an option for online 13C measurement with an online
model TOA. There are currently some meaningful efforts investigating
the online 13C measurement of ambient aerosol using optical equip-
ment (cavity ring-down spectroscopy, CRDS) (Lin et al., 2020), which
also emphasizes the importance and urgency of online δ13C measure-
ment with reliable OC/EC separation.

3.2. Pyrolysis and isotope fractionation in thermal desorption

Isotope fractionation in thermal desorption and pyrolysis may cause
a difference in δ13C of desorbed OC and pOC. To study the extent of py-
rolysis and the associated isotope fractionation, we conducted tests,
using organic compounds with different molecular weights and
water-solubility, including sucrose, humic acid (HA), humic acid so-
dium salt (HASS), Suwannee River Fulvic Acid Standard III (SRFA), and
Elliott Soil Fulvic Acid Standard V (ESFA).

Sucrose was investigated as a surrogate compound (Huang et al.,
2006) for non-volatile, small-molecular organic compounds in the at-
mosphere. In Fig. 3, roughly 80% of the sucrose is desorbed whereas
20% undergoes pyrolysis. pOC is depleted in 13C compared to TOC, and
the δ13C difference between pOC and desorbed OC is estimated based
on isotopic mass balance to be around 1‰. With all pOC of sucrose
combusted before the split time, even though pyrolysis and associated
isotope fractionation occurred, any EC collected after the split time
would not be affected. Other non-volatile small-molecular organic com-
pounds, such as the lab 13C references CAN/CAF/LVal and oxalic acid, do
not show pyrolysis in thermal desorption.

The macromolecular organic compounds show a high degree of py-
rolysis during thermal desorption in the He phase, with pOC ranging
from 50%–60% of TOC for two fulvic acids (ESFA and SRFA) to almost
80% of TOC for humic acids (HASS and HA). Due to such high degree
of pyrolysis, only a small fraction of organics was actually desorbed, so
the δ13C of the desorbed part may not be representative for OC any
more. Still, for most of macromolecular organic compounds tested, the



Fig. 3. The isotope fractionation during thermal desorption of pure organic materials. The
symbols show the δ13C differences (Δ13C) between pOC and total organic carbon (TOC).
pOC refers to pyrolyzed OC collected from the beginning to the end of the EUSAAR_2
He/O2 phase (red), and pOC_split refers to pyrolyzed OC evolved after the split time
(green). The bars give the carbon mass fractions as percentage of TOC. The
measurements were repeated at least three times, and the error bars represent the
standard deviation.

Fig. 4. Analysis of δ13CEC isolated frommixtures of carbon black (CB) with various organic
materials with different δ13C values. The dashed line indicates the nominal δ13C value of
the pure CB material (δ13CCB = −26.19‰ ± 0.13‰). EC (red symbols) refers to the δ13C
of carbon evolved after the OC/EC split time. Organic pOC_split (green symbols) refers to
the δ13C of pOC evolved after the split time, as measured in Section 3.2. Organic TOC
(blue symbols) refers to the δ13C value of the pure organic compounds, as measured in
Section 3.2. EC recovery (red bars) is the mass of isolated EC relative to the mass of CB
contained in the mixture (Eq. (2)).
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difference of δ13CpOC and δ13CTOC is lower than 0.5‰, indicating minor
influence of isotope fractionation during thermal desorption with the
mild heating steps of EUSAAR_2 protocol. Only the difference between
δ13CpOC and δ13CTOC of ESFA is larger (0.6‰). All pOC of ESFA and SRFA
is combusted before the split time. But this is not the case for HA and
HASS, for which approximately 23% and 8% of TOC respectively, evolve
after the split time (pOC_split) and may be identified as EC, thus affect-
ing the δ13CEC determination in aerosol samples. This is due to the fact
that HA and HASS is light-absorbing, whereas the concept of the optical
split point assumes that organic materials are not light-absorbing. The
pOC_split of HA and HASS is enriched in 13C compared to pOC, pre-
sumably due to isotope fractionation during the continuing oxida-
tion of pOC in He/O2 phase, causing the remaining pOC to be more
and more enriched (kinetic fractionation in Fig. S11). The optical
correction prevents the majority (up to 100% for ESFA and SRFA,
around 90% for HASS and 70% for HA) of the pOC to be counted as
EC, but still does not perform optimally for all of these macromolec-
ular organic compounds. However, without this optical correction,
EC measured in aerosol samples can contain a considerable amount
of pOC of macromolecules, and the δ13CEC determination will thus
be affected.

There is not a consistent trend in the isotope fractionation, with
pOC depleted and pOC_split enriched in 13C compared to TOC of HA
and HASS. The EUSAAR_2 protocol is designed to minimize pyroly-
sis and uses several gradually rising temperature steps to desorb
OC, while some thermal protocols with intense heating may lead
to more severe pyrolysis and isotope fractionation. More compari-
sons between mild or severe heating protocols can be found in
Figs. S7–S10, in which the trends of isotope fractionation can be dif-
ferent.

In general, pyrolysis is significant for macromolecules, but less for
small molecules. The δ13C difference between desorbed OC and pOC
is usually less than 1‰. Considering that OC in aerosol samples con-
tains only a fraction of macromolecular organic compounds, such as
the humic-like compounds (HULIS) (Graber and Rudich, 2006), the
influence of pyrolysis is smaller for aerosols than for the pure test
compounds. On the other hand, 13C analysis of sediments and soils
may require more attention due to the considerable amount of
HULIS.
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3.3. EC separation tests

Mixtures of carbon black (CB) powder and organic compoundswere
analyzed to investigate the OC/EC separation. If the EC separation is suc-
cessful, the amount of EC isolated according to EUSAAR_2 should corre-
spond to the amount of CB in themixture and, in addition, the δ13C value
of the isolated EC should correspond to δ13C of the pure CB material. On
the other hand, if the EC isolated after the split time is still mixed with
substantial amounts of pOC, one would expect EC to be enriched in
13C for HA, HASS, and especially sucrose mixtures, which have less neg-
ative δ13C values than CB. In contrary, EC should be depleted in 13C for
the SFRA mixture, which has a more negative δ13C value than CB.

In Fig. 4, EC recoveries being around 100% (±5%) shows that the iso-
lated EC mass corresponds well to the mass of CB in the solution. The
isotope values (upper panel) show that the separated EC is always
slightly depleted in 13C compared to CB, even if the organic compounds
in the mixture (blue symbols) are enriched in 13C. This indicates that
pOC does not affect δ13C of the separated EC after the split time. A part
of pOC evolved after the split time in the pyrolysis tests (pOC_split,
Fig. 3) with pure HA and HASS. However, in the EC separation tests,
no pOC seems to have evolved after the split time, since both mass
and δ13C values of the separated EC closely reflect the original CB. A pos-
sible explanation is that compared to the light absorption of CB, the light
absorption of HA andHASS is negligible, or that pOC formed in the pres-
ence of EC has different thermal properties.

The depletion in 13C of the separated EC from the mixtures com-
pared to the original CB is small but statistically significant. However,
if δ13CEC is analyzed from a pure CB suspension, the values agree with
δ13C of CB material within uncertainties. Therefore, the difference ob-
served in the mixtures suggests an unknown isotope fractionation. So
far, we cannot explain this deviation and the mechanism needs further
investigation. However, the difference in δ13C between the recovered EC
and the original CB is smaller than 0.6‰, which should allow for reason-
able source apportionment.
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3.4. 13C analysis of biomass-burning source samples and ambient aerosol
samples

After investigating the EC separation on idealized test substances,
we apply the method to more realistic aerosol samples, namely
biomass-burning source samples and typical ambient filter samples.
To investigate the influence of pOC and isotope fractionation on the de-
termination of 13C source signature of EC, two biomass-burning (C3
plant) source samples were analyzed for δ13C values of TC, EC, and
pOC + EC, where pOC + EC is collected at the start of the He/O2

phase. In the lower panel of Fig. 5a, pOC accounts for roughly 20% of
TC, with concentrations comparable to EC or even higher.

The upper panel of Fig. 5a shows the isotopic composition of TC, EC,
and pOC + EC. The latter is representative of a mixture of EC with the
pOC that formed during the desorption of OC. For both wood species,
δ13CEC (−27.24‰ ± 0.13‰ for PINE and −28.09‰ ± 0.13‰ for OAK)
is lower than δ13CTC (−26.34‰ ± 0.20‰, −27.62‰ ± 0.23‰). This
implies that δ13COC (calculated by isotopic mass balance) is higher
than δ13CEC, with a difference of around 1‰. δ13CTC is hence not
necessarily representative for 13C signatures of EC in wood burning
emissions. The difference in δ13C between OC and EC indicates that dif-
ferent components of the biomass, with different δ13C values, such as
cellulose or fatty acids, may contribute differently to the emitted OC
and EC, and/or that isotope fractionation happened during combustion
of the biomass. On the other hand, δ13CpOC+EC is similar to δ13CEC.
Previous methods using different OC/EC separation protocols also
found δ13CEC of biomass-burning emissions from C3 plants in a similar
range (Kawashima and Haneishi, 2012; Guo et al., 2016).

To investigate the influence of possible different EC isolation
methods on δ13CEC, we designed a sensitivity analysis. As each method
collects slightly different fractions of EC and potentially pOC, we col-
lected the carbon fraction that remains at various times after the start
of the He/O2 phase in the EUSAAR_2 protocol for 13C analysis. This
fraction is referred to as remaining carbon (RC). RC collected at increas-
ing analysis times represents the transition from pOC+ EC, to EC at the
split time, to more refractory EC after the split time.

In the lower panel of Fig. 5b, the bars represent how much RC (as
percentage of TC) remains on the filter at the respective protocol run-
ning time. The 13C values in the upper panel represent the isotopic com-
position of RC at this point in the analysis. The mass fraction of RC
decreases with increasing time in the He/O2 phase, as more and more
Fig. 5. The 13C analysis of biomass-burning (C3 plant) source samples based on the EUSAAR_2
pOC + EC (green) and TC (blue). The bars refer to the mass fractions of EC and pOC in TC. (b)
various times from the start of the He/O2 phase to the end. The carrier gas changing from H
marked by respective colored dashed lines.
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carbon is combusted. At the same time, the corresponding δ13CRC

value changes very little (within 0.5‰). This suggests that pOC and EC
from biomass burning emissions have similar δ13C values, and that
gradual oxidation of EC at later stages during the analysis does not
have a strong kinetic isotope effect. pOC and EC will never be perfectly
separated, since some native EC could evolve before the split time and
some pOC after the split time, but this will not strongly impact the 13C
signature for these source samples. Therefore, we conclude that δ13CEC
of C3 plant burning obtained by other methods should be comparable
among each other and to the current method. Also, variations in the
split time, which are common among different thermal-optical proto-
cols, will not strongly influence δ13CEC. Similarly, δ13COC can also be
influenced by the formation of pOC and isotope fractionation, and
these impacts are small but not negligible in our cases as shown in
Fig. S9.

Compared with source samples, the results are different for ambient
aerosol samples, for which the chemical and 13C isotopic composition
are more complex. Typical aerosol samples from the Netherlands and
Chinawere investigated. The lower panel of Fig. 6a shows themass frac-
tions of EC and pOC in TC. EC accounts for 17%–30% of TC, whereas pOC
accounts for roughly 27%–41%, a higher percentage than for biomass
burning emissions. Using the same thermal-optical method, pOC is
higher in Chinese samples than Dutch samples, indicating that Chinese
aerosols are easier to pyrolyze, especially in winter.

The δ13CEC value of NL-winter (−26.68‰) is higher than δ13CTC. The
δ13CEC values for NL-summer (−27.42‰), CN-spring (−26.53‰), and
CN-winter (−25.74‰) are all lower than the corresponding δ13CTC.
The differences between δ13CTC and δ13CEC are not negligible (−0.57‰
to 1.43‰). More importantly, the difference between δ13CEC and
δ13CpOC+EC is 0.16‰ for NL-summer, 0.60‰ for NL-winter, −0.49‰ for
CN-spring, and −1.52‰ for CN-winter. This suggests that pOC and EC
can differ in 13C isotopic composition for ambient samples. Therefore,
δ13CEC can be influenced significantly, if EC is mixedwith a considerable
fraction of pOC, so the optical pOC compensation is important for ambi-
ent aerosol samples.

The low LOD of TOA-IRMS allows dozens of measurement repeti-
tions for one single filter, so the pOC/EC sensitivity analysis can be also
conducted in ambient aerosol samples, as shown in Fig. 6b. After the
start of the He/O2 phase, the RC remaining on the filter decreases with
increasing protocol running time at similar rate of the biomass-
burning samples. Different from the biomass-burning samples, the
protocol. (a) The symbols show the δ13C of various carbon fractions, including EC (red),
The δ13C values (symbols) and mass fractions of remaining carbon (RC, bars) captured at
e to He/O2 is marked by the black dash-dot line. The OC/EC split time of each sample is



Fig. 6. The 13C analysis of ambient aerosol samples based on the EUSAAR_2 protocol. (a) The symbols show the δ13C of various carbon fractions, including EC (red), pOC+ EC (green) and
TC (blue). The bars refer to themass fractions of EC and pOC in TC. (b) The δ13C values (symbols) andmass fractions of remaining carbon (RC, bars) captured at various times from the start
of theHe/O2 phase to the end. The carrier gas change fromHe intoHe/O2 ismarked by the black dash-dot line. The OC/EC split time of each sample ismarked by respective colored dashed
lines.

Fig. 7. (a) δ13CEC and δ13CpOC+EC values of biomass-burning samples and ambient aerosol
samples. The colored vertical boxes indicate 13C source signatures from literature (C4
plant is out of the y scale, −16.4‰ ± 1.4‰). (b) 13C-14C source apportionment of EC in
sample CN-spring and CN-winter, which was collected in Xi'an, China.
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δ13CRC of the ambient aerosol samples varies more strongly with
increasing analysis time. The δ13CRC of the NL-summer and CN-spring
samples change insignificantly with increasing time in the He/O2

phase, but the δ13CRC of CN-winter decreases continuously. The δ13CRC
of NL-winter increases before the split time and decreases thereafter.

Between the start of the He/O2 phase (dot-dashed line) and the
respective split point, the major fraction of the pOC should be
combusted and the trend in δ13CRC up to the split time is consistent
with this: for Chinese samples, OC is enriched in 13C compared to EC
(Fig. 6a, isotopic mass balance), and therefore pOC is likely enriched as
well. As a consequence, RC should become depleted in δ13C as more of
the pOC is removed. This is consistent with the decreasing trend of
δ13CRC from the start of the He/O2 phase to the split time. On the
contrary, for NL-winter, OC is depleted with respect to TC and δ13CRC
gradually increases towards the split time, as pOC with a low δ13C
value getting removed.

Changes in δ13CRC are 0.26‰, 0.50‰, and 0.87‰ for NL-summer, NL-
winter, and CN-spring, respectively, whereas δ13CRC of CN-winter
changes by 2.5‰. Based on the δ13C trend of CN-winter after the split
time, it is not likely that the change in δ13C is due to kinetic fractionation
during oxidation of the EC, as in this case we would expect the remain-
ing EC to be gradually enriched in 13C. A more likely explanation is that
EC from different sources has both different thermal stability and δ13C
values. For example, EC from coal combustion, which is enriched in
13C, might be removed from the filter earlier in the analysis than traffic
EC. Then a larger fraction of traffic EC remains on the filter with increas-
ing analysis time, which would explain the trend towards more de-
pleted values of RC. This means that the timing of the OC/EC split can
then have significant impact on δ13CEC and in such cases should be
carefully checked.

3.5. Source apportionment of aerosols samples

To demonstrate how including pOC into EC can affect source appor-
tionment,we conduct a sensitivity study for theChinese samples.Wedo
not consider the Dutch samples, since the 13C source signatures of EC in
the Netherlands are not well known. In Fig. 7a, the δ13CEC and δ13CpOC
+EC of the Chinese aerosol samples are compared with typical 13C
source signatures of EC from literature (Andersson et al., 2015; Ni
8



P. Yao, H. Ni, D. Paul et al. Science of the Total Environment 804 (2022) 150031
et al., 2018). The δ13CEC values of CN-spring and CN-winter are located
between δ13CEC ranges of traffic and C3 plant burning emissions, but
δ13CpOC+EC value of CN-winter is closer to the δ13CEC range of coal
combustion, indicating that pOC of CN-winter may be related to coal
combustion. A previous study suggests that coal combustion is the
main source of OC in winter in Xi'an, China (Ni et al., 2018). However,
the 13C-enriched pOC does not necessarily come from the pyrolysis of
13C-enriched coal OC, and it can also come from the 13C enrichment of
aerosol aging (Pavuluri and Kawamura, 2012) or other atmospheric
processes (Kirillova et al., 2013).

To further investigate the influence of different separation
methods and thus δ13CEC determination on source apportionment,
a Baysian MCMC source apportionment was done for CN-spring
and CN-winter using first δ13CpOC+EC and then δ13CEC. In this case,
δ13CEC is representative of thermal-optical methods and δ13CpOC+EC

is represents an extreme case of methods that do not separate pOC
from EC. Fig. 7b compares the relative contribution of 4 sources to
pOC+ EC and EC (the best estimate; the full probability distributions
in Fig. S12). For CN-spring, the coal and traffic contributions would
be over- and underestimated by around 4% (coal from 10.3% to
13.7%; traffic from 74.1% to 70.7%), if pOC and EC would not be sepa-
rated but all assumed to be EC. However, the over- and underestima-
tion could reach 20% for CN-winter (coal from 14.9% to 34.7%; traffic
from 63.6% to 43.6%) if all pOC would be allocated to EC. The contri-
bution of biomass burning is less influenced (16% in both cases of CN-
spring; 21% in both cases of CN-winter), since it is well-constrained
by 14C. The larger over- and underestimation of coal and traffic con-
tributions of sample CN-winter come from the larger share of pOC
with larger δ13C difference between pOC and EC. On the other hand,
if the OC lacks the pOC part, the δ13COC determination can also be
influenced (Fig. S9). In summary, the optical pOC compensation is
necessary for aerosol 13C analysis.

4. Conclusions

The Sunset thermal-optical analyzer and IRMSare coupled andmod-
ified to enable the thermal-optical OC/EC separation for 13C analysis at
the sub-μgC level. With online separation, combustion, and purification,
the transfer interface is applicable for online measurement, possibly
even in the field. The influence of pyrolysis and isotope fractionation
on δ13CEC was investigated using various organic compounds and their
mixtures with carbon black (a surrogate of EC). The EC separated by
the thermal-optical method was comparable to CB in the mixture,
both in amount as well as in 13C isotopic composition.

A first application to C3 biomass-burning samples indicates that
δ13CTC can be different from δ13CEC, so it cannot be safely used as a
substitute for δ13CEC. On the other hand, the influence of pOC on
δ13CEC is negligible (within 0.5‰), which means δ13CEC signatures of
C3 plants obtained by various OC/EC separation methods should be
comparable. Contrary to the source samples, for ambient aerosol
samples, δ13CEC can be significantly altered if pOC is mixed with EC.
An incomplete separation of pOC from EC can lead to over- or under-
estimation of the various sources in a source apportionment calcula-
tion.
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