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ABSTRACT: Carbon content constitutes a major fraction of
atmospheric particulate matter (PM) and directly influences the
earth’s climate and human health. The stable carbon isotope ratios
(δ13C) can be used to track potential sources and atmospheric
processes of carbonaceous aerosols. Previously, determination of
δ13C was always conducted in offline carbonaceous aerosol
samples. The poor time-resolution results cannot provide
information regarding the temporal evolution of δ13C at a short-
time scale. In this study, we developed a new system for online
measurements of δ13C in atmospheric carbonaceous aerosols by
combining a semicontinuous organic carbon/elemental carbon
(OC/EC) analyzer and online cavity ring-down spectroscopy
(CRDS) (OC/EC analyzer-CRDS). To provide better stability in
the determination of δ13C, a carrier gas with CO2 (∼200 ppm) in “balance gas” was used, and Keeling analysis was employed to
separate the δ13C signal of the sample from background CO2 gas. Our results showed that the accuracy and absolute precision of the
δ13C measurements by the OC/EC analyzer-CRDS system were better than 0.1‰ and 0.5‰, respectively, for the samples
containing carbon content more than 5 μg. Furthermore, we employed this system to monitor δ13C (δ13C-TC) in particulate total
carbon (TC) with a time resolution of 2−4 h over Beijing in late summer and early autumn, 2019. During the sampling period, the
TC concentrations varied from 0.1 to 12.0 μg m−3 with a mean value of 6.0 ± 2.4 μg m−3. The δ13C-TC ranged from −28.2 to
−24.2‰ (mean value was −25.9 ± 0.9‰) without significant diurnal variations, suggesting similar contributing sources to TC.
Comparing the δ13C signatures of different emissions, we found that liquid fuels and primary and secondary C3 plants were likely the
dominant sources of particulate TC. Finally, we found that atmospheric heavy precipitation washed out the aged aerosols from the
polluted air, resulting in significant depletion (∼2.4‰) of δ13C-TC in the atmosphere. This paper described a novel system for
conducting online measurements of δ13C in atmospheric carbonaceous aerosols and provided us information to better understand
the temporal evolution of emission sources and atmospheric processes of carbonaceous aerosols.

1. INTRODUCTION

Carbonaceous aerosols contribute a major fraction (20−50%)
of atmospheric fine particulate matter (PM2.5, with an
aerodynamic diameter of less than 2.5 μm) in the urban
polluted atmosphere.1−3 Total carbon (TC) aerosols are
composed mainly of a complex mixture of carbon atoms and
can be classified into two major fractions: one is organic
carbon (OC) and another is elemental carbon (EC). OC is
mainly emitted from both primary sources and secondary
transformation from volatile organic compounds (VOCs),
while EC is profoundly emitted from incomplete combustion
processes, such as vehicle emission, industrial processing,
biomass burning (BB), and coal combustion.4 In addition to
health risk effects, carbonaceous aerosols exert potentially

warming and cooling effects on the Earth system, resulting in
changes in cloud formation, precipitation, and Earth’s
climate.5−7 Thus, carbonaceous aerosols have been receiving
more attention in the past decades.
Tracking potential sources of carbonaceous aerosols gives

important information for policy makers to formulate strategies
to improve the air quality and decrease health risks in the
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polluted atmosphere. Over the last decades, several ap-
proaches, including the chemical mass balance model, positive
matrix factorization (PMF), macrotracer method, and stable
and radiocarbon isotope techniques, have been employed to
identify potential sources of atmospheric carbonaceous
aerosols.8−12 Among these methods, the stable carbon isotope
technique is a useful tool to track sources for particulate carbon
and is advantageous from the point of view that it does not
require many samples and extended data sets.13,14 Because of
isotope fractionation, stable carbon isotope values (δ13C) in
different emission sources have their own unique signatures.
Previous studies have shown that δ13C of aerosols from
combustion of liquid fuels, including gasoline, diesel, natural
gas, and fuel oil, varied from −28.0 to −24.0‰,15−17 which
was more depleted than those derived from coal combustion
(−25.0 to −21.0‰).15,18 BB has a large contribution to
atmospheric carbonaceous aerosols. Burning of C3 and C4
plants releases carbonaceous aerosols into the atmosphere with
different δ13C features. Compared to C3 plants (δ

13C: −34.7 to
−23.0‰), burning of C4 plants produces carbonaceous
aerosols with enriched δ13C values, which was from −19.9 to
−11.1‰.19−22 Using isotope techniques, numerous studies
have successfully tracked and quantified potential sources of
atmospheric carbonaceous aerosols over the last dec-
ade.18,23−27 Utilizing δ13C techniques, Cao et al.18 found that
PM2.5 carbon in China was dominated from traffic emission
and coal combustion; in particular, coal combustion
contributed significantly to carbonaceous aerosols in northern
China during wintertime. Zhao et al.26 performed source
apportionments of EC particles in Xi’an in northwest China.
They concluded that vehicle emission and coal combustion
were major sources of airborne EC in Xi’an. Both sources
contributed approximately 46% to particulate EC on a yearly
basis. In addition, δ13C can also be used to track atmospheric
processes, such as secondary formation and photochemical
aging process of carbonaceous aerosols.14,24,28 In general,
heavier δ13C was observed in aged aerosols because of the
addition of more oxygenated function groups by photo-
chemical oxidation/aging processes during their long-range
transport.14,28−30

To obtain δ13C values in ambient particles, offline collected
carbon aerosol samples (sampling duration was regularly 12 h
or 24 h) must be converted to CO2 through the combustion
process; the carbon isotopes of the produced CO2 are then
determined by isotope ratio mass spectroscopy (IRMS).18,29,31

The isotopic composition in the low time-resolution aerosol
samples cannot provide insights to understand the temporal
evolution of δ13C associated with some atmospheric processes
which usually occur on an hourly scale.14 Recently, a
spectroscopic technique (cavity ring-down spectroscopy,
CRDS) has been developed to measure carbon isotopes in
ambient CO2. Compared to IRMS, CRDS exhibits relatively
poor accuracy and precision (0.2‰ for 2 min average)32 for
analyzing carbon isotopes. Nevertheless, it provides data with
high temporal resolution (1 Hz); therefore, this spectroscopic
technique was appropriate to use for continuously monitoring
carbon isotopes of CO2 in ambient levels.32 This function is
very important and provides us a hint for better understanding
the temporal evolution of atmospheric processes in carbona-
ceous aerosols. For OC/EC observation, a Sunset OC/EC
analyzer is an instrument which enables quantifying carbon
content by concentration determination of CO2 obtained from
the oxidation of carbonaceous aerosols based on the thermal
desorption method. This instrument has been widely
employed to measure carbon concentrations in atmospheric
aerosols with a time resolution of 1 h.33,34

In this work, we developed a new system, in which a Sunset
OC/EC analyzer was connected to a CRDS (OC/EC analyzer-
CRDS hereafter) system, in order to synchronously conduct
online measurements of mass concentrations and carbon
isotopic compositions of ambient carbonaceous aerosols. We
validated the performance of OC/EC analyzer-CRDS in
measurement of δ13C by comparing the results with a
traditional IRMS. Finally, we employed this system to
continuously monitor the concentrations and δ13C in
particulate TC in Beijing. Based on the high time-resolution
data, we explored the potential sources and atmospheric
processes contributing to the atmospheric carbonaceous
aerosols in the capital city of China.

2. EXPERIMENT
2.1. Setup of the OC/EC Analyzer-CRDS System. In

this study, we connected a Sunset OC/EC analyzer with a
CRDS system for continuously monitoring carbon isotopic
compositions in carbonaceous aerosols and validated the
performance of this system. Figure 1 shows the schematic
diagram of the OC/EC analyzer-CRDS system. In brief, this
system consisted mainly of three parts, including an OC/EC
analyzer (model 3F, Sunset Laboratory Inc., Portland, OR,
USA), a CO2 storage device (consisted mainly of aluminum

Figure 1. Schematic diagram of the OC/EC analyzer-CRDS system developed in this study.
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pipe without any coating, and I.D. of the pipe was 0.315
inches), and a CRDS system (G2201-i, Picarro, Santa Clara,
USA). During sampling, the ambient air was pulled in with a
flow rate of 8 L min−1 for 45 min (for 1 h time resolution
sampling) through a cyclone to remove particles larger than 2.5
μm, leaving other particulate aerosols deposited on a quartz
filter inside the OC/EC analyzer. After filtration, the collected
aerosols underwent the combustion process (duration time
was 15 min, and flow rate was 70 mL min−1), followed by a
pulse of methane of a known concentration (CH4, for
quantification of carbon content in aerosols), in the oven
under a mixed atmospheric (90% Ar + 10% O2 + ∼200 ppm
CO2) condition. The combusted carbonaceous aerosols along
with CH4 were then converted to CO2 by a redox reaction with
manganese dioxide (MnO2). The total concentration of the
newly generated CO2 and the background CO2 (∼200 ppm)
from the cylinder was quantified by nondispersive infrared
absorption (NDIR) inside the OC/EC analyzer. This back-
ground CO2 provided here was used to improve the signal and
stability of carbon isotope values determined in CRDS
afterward (this will be discussed in Section 3.1). Subsequently,
the produced CO2 gas pulses measured by NDIR were injected
into the CO2 storage device. The stored CO2 gas pulses were
then introduced into the CRDS system in reverse flow with a
rate of 10 mL min−1 (duration time was about 42 min). At the
same time, the OC/EC analyzer started the next aerosol
sampling cycle followed by the combustion process. Water
vapor in air samples would result in slight effects on measured
δ13C values by CRDS,32 and therefore, water vapor must be
removed from air samples by the dryers filled with magnesium
perchlorate (Mg(ClO4)2) before entering into the CRDS
system.
The δ13C of the produced CO2 was determined by CRDS,

which is a high-sensitivity laser absorption technique to
monitor the mass concentrations and carbon isotopes in
trace gases, of course, including CO2 under ambient-level
conditions.32 Besides, CRDS also has a well-designed pressure
and temperature control system to ensure high stability of
these measurements. The details of CRDS can be found
elsewhere.35 In this study, the produced CO2 was constantly
pulled into a high-reflectivity cell with a volume of 35 cm3,
operated at an inlet flow rate of 10 mL min−1. The temperature
and pressure inside the cell were maintained at 318.15 K and
18.7 kPa, respectively. The abundances of 12C−CO2 and

13C−
CO2 were then independently measured at wavelengths near
6251 cm−1, and δ13C can be then calculated following the
equation

δ = [ − ] ×C(‰) ( C/ C) /( C/ C) 1 100013 13 12
sample

13 12
VPDB

(1)

where (13C/12C)sample is the 13C/12C ratio of the produced
CO2 in samples and (13C/12C)VPDB is the isotope ratio of
Vienna Pee Dee Belemnite (VPDB).
2.2. Output of the OC/EC Analyzer. Figure S1a shows

the output of heating temperature and CO2 signals using the
OC/EC analyzer at a time resolution of 1 Hz. During the
combustion process, the oven inside the OC/EC analyzer was
heated from 70 to 850 °C within 2 min, remaining at this
temperature for 2.5 min and then decreasing to 70 °C within
1.5 min. Subsequently, the instrument was flushed with Ar for
2 min and then switched to the standby mode automatically
for nearly 7 min. Under this heating condition, the CO2 signals
produced by carbonaceous aerosols were found between 0.67

and 2.67 min and that converted from CH4 was found between
4.4 and 5.4 min. The concentrations of CO2 from carbona-
ceous aerosols and methane were automatically obtained by
subtracting the concentrations of total CO2 (sample +
background) from the background gas; the carbon content
(μg) can be calculated from the peak areas of CO2 produced
by carbonaceous aerosols with the correlation between the
peak area and the carbon content determined from the CH4
with a known amount.
A Sunset OC/EC analyzer has been widely used to

continuously monitor OC and EC concentrations in
atmospheric aerosols.33 In each run, in situ analysis of OC
and EC in aerosols was conducted by the NIOSH 5040
thermal−optical protocol (Table S1 and Supporting Informa-
tion S1) after an aerosol sample was collected.36 In the NIOSH
5040 protocol, the concentrations of TC were, in general,
calculated by the sum of the concentrations of OC and EC. In
this work, we directly measured TC concentration by heating
the aerosol samples from 70 to 850 °C under a mixed
atmospheric (90% Ar + 10% O2 + ∼200 ppm CO2) condition.
Because of the significant different combustion procedures
between our method and the NIOSH 5040, the comparisons
of TC concentrations measured by the two different heating
procedures were needed. To achieve this goal, a total of seven
24 h PM2.5 aerosol samples were collected on the campus of
Nanjing University of Information Science and Technology
(NUIST) using a high-volume PM2.5 sampler (Tisch-PM2.5,
USA), operated at a flow rate of 1.13 m3 min−1, from 2019
March 5 to 11. The preheated (450 °C for 6 h) 8 × 10 in.
quartz filter membranes (TISSUQUARTZ-2500QAT-UP,
PALL, USA) were used as substrates to collect the PM2.5
samples. After sampling, two pieces of the 0.625 cm2-punched
quartz filter (varied from 10 to 40 μgC) were used to
individually analyze the concentrations of TC through our
heating procedure and measure OC and EC concentrations by
the NIOSH 5040. The TC concentrations measured by the
NIOSH 5040 were then calculated by the sum of OC and
EC33,36 Figure S2 shows the TC concentrations measured by
the two different procedures. As can be seen, a good
correlation (the coefficient of determination, R2, was 0.99
with a 95% significance confidence interval, p < 0.05) of TC
concentrations was found between the two different heating
procedures with a slope of 0.97. This indicated that TC
concentrations analyzed in our heating procedure were reliable.

2.3. Stability of CRDS. After combustion, the produced
CO2 entered into the CO2 storage device with a volume of 420
mL (70 mL min−1× 6 min). Subsequently, the produced CO2
was sent to the CRDS system with a flow rate of 10 mL min−1.
This indicated that the analysis time of δ13C in the produced
CO2 by CRDS was 42 min. After that, the ambient air was
introduced into the CRDS system and analyzed for carbon
isotopic compositions for another 18 min. However, the δ13C
values of the ambient samples were not used to inspect the
stability of the CRDS system. Figure S1b plots the output of
CO2 signals and δ

13C values measured by CRDS at a frequency
of 1 Hz. The CO2 signals shown here are the sum of
background CO2 (∼200 ppm) and that produced by CH4/
carbonaceous aerosols; therefore, the CO2 concentrations
detected by CRDS were, in general, 200 ppm higher than those
detected using the OC/EC analyzer. Note that the order of the
appearance in peaks of CH4 and carbonaceous aerosols was
opposite to that measured using the OC/EC analyzer because
CO2 produced from CH4 was introduced into the CRDS
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system from the storage device before the CO2 from
carbonaceous aerosols because of the reverse flow.
Stability of CRDS was checked by the long-term variability

of δ13C values measured from 200 ppm background CO2 gas.
Figure S3 shows the δ13C values (2 min average) of the
background CO2 gas during the Beijing campaign. The result
indicated that the δ13C values determined by CRDS were likely
normally distributed. The long-term (N = 588) absolute
precision of the 2 min-averaged value was about 0.26‰,
indicating slight drifts during the 20 day sampling period. The
absolute precision was also in agreement with that by Vogel et
al.32 who suggested that the precision of δ13C determined by
CRDS was approximately 0.25‰ with the 2 min-averaged
data.

3. RESULTS AND DISCUSSION
3.1. Effect of CO2 Concentrations on the δ13C Values.

Furthermore, we tested the performance of the OC/EC
analyzer-CRDS system in determination of δ13C by the three
working standards. Previous studies have shown that the
CRDS system had the capacity to make isotopic measurements
of CO2 in which the concentration was higher than
approximately 300 ppm.32 The requirement of 300 ppm
CO2 for CRDS was equal to 24 μgC of carbon content
(calculated from Table 1) without adding any background

CO2 gas in the system. The high required amount of carbon
content (∼24 μgC) was difficult for us to conduct online
measurements of δ13C in aerosol samples with high-time
resolution (2−4 h for one sample). To decrease the
requirement of carbon content for δ13C measurements in
carbonaceous aerosol samples, adding CO2 as a background
gas was needed. Here, we first tested the repeatability of δ13C

measurements with/without adding CO2 gases into the system.
The various scenarios of different-concentration (3, 5, 10, 20,
40, and 80 μgC) working standards [sucrose A from C3 plants,
sucrose B from C4 plants, and potassium hydrogen phthalate
(KHP)] mixed with different-level background CO2 gases (0,
200, and 1000 ppm) were tested. This indicated that a total of
54 scenarios were made in the test. In each scenario, the
working standard was placed in the oven inside the OC/EC
analyzer for combustion, storage, and determination of 12C−
CO2 and

13C−CO2 by CRDS, as mentioned in Section 2. The
analysis of the δ13C value of each scenario was made with five
repetitions (N = 5). Figure 2 shows the standard deviation of
δ13C values of the various carbon contents in KHP, sucrose A,
and sucrose B mixed with the different-level (0, 200, and 1000
ppm) background CO2 gases. The results showed that the
large standard deviations of δ13C were found in all working
standards without adding any background CO2 gas, especially
under the low carbon content conditions (<3 μgC, the
standard deviation was from 0.45 to 0.85‰). After adding the
background CO2 gases, the standard deviations of δ13C
decreased significantly and were usually lower than 0.13‰
containing a carbon content of larger than 5 μgC. This
elucidated that increases in background CO2 decreased the
standard deviation of δ13C. In other words, adding background
CO2 gas in the system would improve the precision of δ13C
measurement. In our test, the standard deviations of δ13C in
the different carbon contents under 200 ppm- and 1000 ppm-
CO2 conditions were similar, and therefore, 200 ppm-level
CO2 was finally selected as the background gas for the
measurements of δ13C for standards and atmospheric aerosols.
Next, we used the three different working standards mixed

with background CO2 gas (∼200 ppm) to check the drifts of
δ13C determined by this new system. Again, the measurement
of δ13C values of each specific carbon content (approximately
3, 5, 10, 20, 40, and 80 μg) in each working standard was made
with five repetitions (N = 5). Figure S4 plots the drifts of δ13C
values depending on various CO2 concentrations (sample and
background) produced by the three different working stand-
ards. The scatter plot of carbon contents versus produced CO2
concentrations in the different standards (sample + back-
ground) is shown in Figure S5. As expected, the produced CO2
concentrations were linearly correlated with carbon contents
without any drifts. As shown in Figure S4, the δ13C values of
KHP and sucrose B were significantly dependent on CO2
concentrations, and the δ13C values depending on CO2
concentrations measured by CRDS has been found in an
earlier study.37 For example, the measured δ13C value of KHP
was about −12.6 ± 0.2‰ when the CO2 concentration was
246 ± 32 ppm (carbon content = 2.6 ± 0.2 μg, see in Table 1).
When the CO2 concentration increased to 984 ± 70 ppm
(carbon content = 81.1 ± 2.7 μg), the δ13C value got depleted
to −15.8 ± 0.1‰. Consequently, we had to develop the
correction curve prior to online measurements of δ13C using a
Keeling approach to estimate and to correct the real δ13C
values generated by the standard,38 and this will be discussed
in the next section.

3.2. Keeling Approach Results. Three working standards
of known δ13C values along with a known concentration of
background CO2 gas (200 ppm) were used to evaluate the
performance of the OC/EC analyzer-CRDS system. Two
challenges existed here. First, we had to decrease the
dependence of δ13C varying with CO2 concentrations (see in
Figure S4) measured by this new system. Second, the

Table 1. Produced CO2 Concentrations (Sample +
Background) and Their Accompanying δ13C Values of
Various Carbon Contents in the Three Working Standards

working standards
(μg) CO2 (ppm) δ13C (‰)

corrected-δ13C
(‰)a

KHP (−30.4‰)
2.6 ± 0.2 246 ± 3 −12.63 ± 0.20 −17.47 ± 0.92
5.3 ± 0.1 290 ± 6 −13.07 ± 0.12 −16.43 ± 0.38
10.5 ± 0.3 359 ± 7 −13.93 ± 0.11 −16.95 ± 0.22
20.3 ± 0.6 448 ± 17 −14.34 ± 0.25 −16.58 ± 0.14
38.4 ± 3.3 690 ± 42 −15.19 ± 0.24 −16.68 ± 0.08
81.1 ± 2.7 984 ± 70 −15.83 ± 0.05 −16.94 ± 0.06

sucrose A (C3 plants, −25.0‰)
2.7 ± 0.3 245 ± 5 −11.10 ± 0.14 −6.15 ± 1.19
5.4 ± 0.3 284 ± 5 −11.16 ± 0.07 −10.37 ± 0.48
10.5 ± 0.4 350 ± 4 −11.21 ± 0.07 −10.23 ± 0.39
20.3 ± 0.7 480 ± 6 −11.18 ± 0.12 −10.65 ± 0.19
37.8 ± 3.0 696 ± 25 −11.06 ± 0.06 −10.72 ± 0.10
82.7 ± 4.8 1078 ± 65 −11.10 ± 0.07 −10.92 ± 0.07

sucrose B (C4 plants, −12.2‰)
3.0 ± 0.4 256 ± 3 −9.40 ± 0.25 2.23 ± 0.99
5.5 ± 0.2 292 ± 13 −8.13 ± 0.28 2.05 ± 0.39
9.6 ± 0.3 337 ± 11 −6.11 ± 0.29 2.21 ± 0.21
19.0 ± 0.6 478 ± 10 −3.64 ± 0.10 2.00 ± 0.12
41.3 ± 1.1 727 ± 7 −2.09 ± 0.16 1.92 ± 0.08
81.1 ± 2.7 1232 ± 10 −0.29 ± 0.06 2.11 ± 0.06

aThe uncertainty of the corrected δ13C values was calculated by error
propagation.
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separation of δ13C values of sample CO2 (from standards)
from the mixed CO2 (sample + background) was needed. To
achieve this goal, the Keeling approach was subsequently used
in the corrections.14,38−40 Details of the Keeling approach can
be found in Supporting Information S2. Figure S6 shows the
scatter plot between δ13Cm (δ13Cm is the δ13C value of the
mixed CO2 determined by CRDS) versus 1/Am (Am is the peak
area of mixed CO2 determined by CRDS) in the three working
standards. The results showed good correlations (R2 = 0.68−

0.99) between δ13Cm and 1/Am for all the three working
standards.
Based on the Keeling approach theory, linear regression of

δ13Cm and 1/Am for any two standards (method I: KHP vs
sucrose A, method II: KHP vs sucrose B, and method III:
sucrose A vs sucrose B) can be used to calculate the corrected
δ13C value (δ13Cs‑corr) of each working standard.14 According
to the Keeling approach (eq S4), the mixed δ13C values
(produced by the standard and background) in the two
standards determined by CRDS can be expressed as

δ δ
δ δ

= +
−

‐ ‐ _
‐ ‐

‐

A
C C

( C C )
A

13
m std1

13
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m std1
(2)

δ δ
δ δ

= +
−

‐ ‐ ‐
‐ ‐

‐

A C C
A

C C
( )13

m std2
13

s corr std2
b

13
b

13
s corr std2

m std2
(3)

where δ13Cm‑std1 and δ
13Cm‑std2 are the mixed δ13C values in the

different standards determined by CRDS and δ13Cb is the δ
13C

value of the background CO2 gas measured by CRDS.
δ13Cs‑corr‑std1 and δ13Cs‑corr‑std2 are the corrected δ13C values of
the different standards measured by CRDS. Am‑std1 and Am‑std2
are the mixed peak areas in the different standards, while Ab is
the peak area in the background CO2 gas determined by
CRDS. In eqs 2 and 3, the regression slopes of standards 1 (s1)
and 2 (s2) can be expressed as

δ δ= × − ‐ ‐s A ( C C )1 b
13

b
13

s corr std1 (4)

δ δ= × − ‐ ‐s A ( C C )2 b
13

b
13

s corr std2 (5)

The regression intercepts of standards 1 and 2 can be
expressed as

δ= ‐ ‐i C1
13

s corr std1 (6)

δ= ‐ ‐i C2
13

s corr std2 (7)

All the slopes (s1 and s2) and intercepts (i1 and i2) can be
obtained by the linear regression between the mixed δ13C
values and peak areas of the different working standards.
According to the eqs 4−7, Ab and δ13Cb can be expressed as

=
−
−

A
s s
i ib

2 1

1 2 (8)

δ =
× − ×
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C13
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2 1 1 2
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Finally, the δ13Cs‑corr of each standard can be calculated as

δ
δ δ
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× − ×

−‐
A A
A A

C
C C13

s corr

13
m m

13
b b

m b (10)

Figure 3 shows the corrected δ13C values depending on
various CO2 (carbon content) concentrations in each working
standard using the different methods. The scattered corrected
δ13C values were detectable in all the working standards when
the CO2 concentrations were less than 260 ppm (carbon
content ∼ 3 μg + 200 ppm background CO2 gas).
Nevertheless, the standard deviation of corrected δ13C
decreased significantly, while the carbon contents increased.
Compared to methods I and III, the average corrected δ13C
values obtained by method II kept the constant levels in the
different weights of carbon contents in individual working

Figure 2. Standard deviations of δ13C values measured in (a) KHP,
(b) sucrose A, and (c) sucrose B with different carbon contents. Five
replicates of the same sample were measured to determine the
standard deviation. The yellow dash lines denote a carbon content of
3 μgC.
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standards when the CO2 concentrations were higher than 290
ppm (equal to ∼5 μgC + 200 ppm background CO2). On the
other hand, the standard deviation of δ13C values in all working
standards measured by method II was much more stable than
those measured by method I and method II. This suggested
that correction of δ13C by method II was more precise for the
standard containing carbon content more than 5 μg. Thus, we
selected method II as an appropriate approach to calculate the
corrected δ13C in standards and aerosol samples. Furthermore,

we attempted to calculate the uncertainty of the corrected δ13C
values estimated by method II using error propagation.41 The
detailed calculation of this approach can be seen in the
Supporting Information S3. Using method II, the corrected
δ13C values of the three working standards with the different
weights of carbon content are listed in Table 1. The
uncertainty obtained by the error propagation is also listed
(fourth column in Table 1). The results showed that the
average δ13C values of KHP, sucrose A, and sucrose B (carbon
content in each standard was higher than 5 μgC) were
−16.72‰, −10.57‰, and 2.05‰, respectively. The un-
certainty of corrected δ13C values in all working standards
decreased with increasing carbon contents. The uncertainties
of corrected δ13C values in KHP, sucrose A, and sucrose B
were 0.38‰, 0.48‰, and 0.39‰, respectively, when the
carbon contents were 5 μg. This suggested that the absolute
precision of the corrected δ13C was better than 0.5‰ for
standards containing carbon content more than 5 μg.
Using the Keeling approach, the corrected δ13C values

(δ13Cs‑corr) of KHP, sucrose A, and sucrose B were −16.72‰,
−10.57‰, and 2.05‰, respectively. Indeed, the reference
δ13C values (δ13Cs‑cali) of KHP, sucrose A, and sucrose B
calibrated by IRMS were −30.4, −25.0, and −12.2‰,
respectively. Obviously, a big difference between the corrected
and reference δ13C values was found in each working standard.
The primary reason for these differences was due to the fact
that the CRDS instrument was internally calibrated using air as
a carrier gas but operated using Ar as a carrier gas. Because of
line-shape effects, the reported isotope ratio was affected by the
composition, and the effect can be found in the literature
studies.42−44 Consequently, the δ13Cs‑corr values needed to be
calibrated using a linear regression between δ13Cs‑corr and
δ13Cs‑cali values. Using the linear regression line, we can
calculate the calibrated δ13Cs‑cali as

δ δ= × +‐ ‐a bC C13
s cali

13
s corr (11)

where a and b are the slope and intercept of this linear
regression. As shown in Figure S7, a and b were 0.99 and
−14.24, respectively, in this case. In terms of field online
measurements of δ13C in carbonaceous aerosols, the same
aforementioned procedure has to be carried out, and the linear
regression line between δ13Cs‑cali and δ13Cs‑corr has to be
obtained prior to field measurements. After that, we can
continuously monitor δ13C values through this system, and the
real δ13C values in atmospheric carbonaceous aerosols can be
then corrected using eq 11.

3.3. Comparisons with IR-MS Results. To inspect the
accuracy of δ13C in carbonaceous aerosols measured using the
OC/EC analyzer-CRDS system, we further compared the δ13C
values in TC (δ13C-TC) determined by the new system and a
traditional IRMS technique (IR-MS, MAT 253, Thermo Fisher
Scientific, USA). To make this comparison, the aerosol
samples collected in NUIST (see Section 2.2) were used to
analyze the δ13C-TC using the OC/EC analyzer-CRDS system
and IRMS. For the IRMS method, the punched quartz filters
were combusted at 850 °C in an elemental analyzer, in order to
convert carbon content to CO2. After conversion, CO2 was
directly introduced into IRMS without any pretreatment, and
the δ13C-TC was then determined. Figure S8 plots the δ13C-
TC values measured using OC/EC analyzer-CRDS and IR-MS
systems. As seen, δ13C-TC determined by the built system
correlated well (R2 = 0.89, N = 7) with that obtained by IRMS
with a slope of 0.998. Assuming that δ13C-TC measured using

Figure 3. Scatter plots between corrected δ13C values and CO2
concentrations (sample + background) in (a) KHP, (b) sucrose A,
and (c) sucrose B through different pairs of standards. The corrected
method is described in the text.
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the IRMS was a real δ13C value, we estimated that the error of
δ13C-TC by our system was in a range of −0.18 to 0.21‰. On
average, the δ13C-TC values measured using the OC/EC
analyzer-CRDS system and IR-MS were −26.23 ± 0.10‰
(uncertainty was obtained by the error propagation) and
−26.27 ± 0.65‰, respectively, and the difference between the
two systems was −0.04‰. This suggested that our method
enables the determination of δ13C-TC of the atmospheric
carbonaceous aerosols. Thus, we applied our developed system
to continuously measure δ13C-TC in the atmospheric PM2.5
over Beijing from August 30 to September 20, 2019. In the
next section, we will report the δ13C values and track potential
sources and atmospheric processing of carbonaceous aerosols
in Beijing.
3.4. Application in δ13-TC Measurements over Bei-

jing. 3.4.1. Characteristics of δ13-TC. We employed this
system to monitor δ13C-TC values in PM2.5 in Beijing from
August 30 to September 20, 2019. During the sampling period,
the OC/EC analyzer-CRDS system was installed at a
monitoring station, which is located on the rooftop of a two-
story building in China National Environmental Monitoring
Centre (CNEMC). CNEMC is encompassed by the traffic
roads, indicating that traffic emission might be an important
source of atmospheric carbonaceous aerosols. To obtain the
accurate and precise δ13C data, the carbon content in aerosol
samples for the OC/EC analyzer-CRDS system had to exceed
5 μg (see Section 3.2). During the sampling period, the TC
concentrations varied from 1.0 to 12.0 μg m−3 (Figure 4). This
indicated that the carbon content in each aerosol sample was
from 0.48 to 5.8 μg (for 1 h time resolution sampling with a
flow rate of 45 mL min−1), which was not enough for
determination of δ13C in some low-carbon content samples.
Thus, we extended the sampling duration time to 2−4 h, and
97% samples possessed a carbon content of higher than 5 μg,
which was a minimum required carbon content for δ13C
analysis in the developed system. Figure 4 plots time series of

the δ13C-TC values with a time resolution of 2−4 h in Beijing
during the sampling period. The data of other air pollutants,
such as PM2.5, O3, NO2, and CO, were also obtained from the
Olympic Sports Center air quality monitoring station, which is
situated in the south direction of CNEMC with a distance of
approximately 4 km. The weather parameters, such as
temperature and precipitation, were also acquired from Capital
International Airport located in the east direction of the
receptor site with a distance of 16 km. The δ13C-TC varied
from −28.2 to −24.2‰ and averaged at −25.9 ± 0.9‰
without any significant diurnal patterns (Figure S9a). On the
other hand, our δ13C-TC value was in agreement with those
observed in other megacities over China (see in Figure S9b),
where carbonaceous aerosols were strongly influenced by
gasoline and diesel vehicles in summer.18

Based on 14C measurements, both fossil fuel and nonfossil
fuel emissions (e.g., BB, vegetation emissions, and cooking)
were major sources of particulate TC in Beijing during summer
season.10 In this work, our δ13C-TC values varied from −28.2
to −24.2‰, which fell into the range of liquid fuels and C3
plants (see in Figure S9c). This implied that liquid fuel and
primary and secondary C3 plants were likely the dominant
sources of TC in Beijing during the hot season.

3.4.2. Influence of Heavy Precipitation on δ13C-TC. Apart
from tracking sources, δ13C can also provide a hint for
understanding atmospheric processing of carbonaceous aero-
sols.14,24,28 During the Beijing campaign, heavy precipitation
events occurred at noontime on September 9 and the event
lasted for 3 days, in which a maxima of 6 h-accumulated
precipitation reached 270 mm. As shown in Figure 4, the
concentrations of PM2.5 mass (TC) decreased from 174 to 34
μg m−3 (10 to 3 μg m−3) after half a day of precipitation. This
suggested that precipitation likely washed out most of the
aerosols from the polluted atmosphere. Interestingly, we also
found a large depletion of δ13C values after the heavy
precipitation event. Assuming the changes in emissions from

Figure 4. Time series of TC mass, δ13C-TC, PM2.5 mass, CO, Ox, ambient temperature, and precipitation in Beijing during the sampling period.
Precipitation is 6 h accumulated rainfall. The gray shadow denotes the precipitation days.
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combustion of liquid fuels and C3 plants before and after the
precipitation were insignificant, the higher δ13C values before
precipitation might be explained by the photochemical aging
process.14,29 Here, we used Ox (Ox = NO2 + O3) concentration
as an index of atmospheric photo-oxidation. As illustrated in
Figure 4, the daily Ox maximum concentration (regularly at 2
p.m.) was 228 ± 53 ppb before the precipitation events, which
was 2.6 times higher than that (87 ± 5 ppb) during the
precipitation days (on September 10, 11, and 12). This
indicated that photochemical capacity before heavy precip-
itation was much stronger than that during precipitation.
During the heavy precipitation events, aged aerosols have been
washed out from the atmosphere and resulted in significant
decreases in TC concentrations. Instead, relative fresh aerosols
from various sources emitted into the atmosphere. Con-
sequently, the weak-photochemical and fresh aerosols might
explain the depleted δ13C-TC values during precipitation. On
the other hand, the average δ13C-TC value on September 9
was −25.0‰ (before the precipitation event), which was
higher than that (−27.4‰) on September 10 (during the
precipitation event). This suggested that the heavy rainfall
decreased δ13C-TC by approximately 2.4‰. After September
13, the temperature and the daily maximum Ox concentration
gradually increased, reflecting that the photochemical capacity
was getting stronger day by day. Interestingly, the δ13C
increased with TC concentrations because a significant positive
correlation (R = 0.76 and p < 0.05, Figure S10) between δ13C-
TC and TC was found after precipitation events. This might
suggest that the atmospheric photochemical aging process
increased TC concentrations, resulting in enrichment of δ13C
values.

4. CONCLUSIONS

In this work, a novel system for synchronously monitoring
concentrations of TC and its accompanying δ13C values was
developed by combining a Sunset OC/EC analyzer and a
Picarro CRDS system. The accuracy was better than 0.1‰,
and the absolute precision was less than 0.5‰ for the sample
containing a carbon content of higher than 5 μg. We further
employed this system to measure δ13C-TC in Beijing during
the late summer and early autumn of 2019 with a time
resolution of 2−4 h. The results showed that δ13C-TC varied
from −28.2‰ to −24.2‰ (mean value was −25.9 ± 0.9‰)
without significant diurnal variations. Compared with the δ13C
signatures from various emission sources, we found that liquid
fuel and primary and secondary C3 plants were likely the
dominant sources of TC in Beijing during the sampling period.
Source apportionments and atmospheric processing of

carbonaceous aerosols are important issues regarding atmos-
pheric research. In this study, the OC/EC analyzer-CRDS
system enables to determine δ13C-TC with high accuracy and
precision and high-time resolution. Limited to the weights of
carbon content, we could not measure the carbon isotopic
compositions of OC and EC with high-time resolution.
Previous numerous studies have focused on δ13C values in
OC and EC aerosols.10,14 Unfortunately, these studies only
provided δ13C in OC and EC aerosols with poor time
resolution (at least a half-day sampling). This cannot provide
better understanding of the temporal evolution of source
apportionments and atmospheric processes of particulate OC
and EC. Thus, establishment of the online measurements of
δ13C in OC and EC aerosols is needed, leading to better

understanding of the temporal behaviors and potential sources
of carbonaceous aerosols on short-time scales in the future.
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