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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A total of 10,790 chemical formulas 
assigned from PM2.5-drived WSOC 
samples. 

• SOC fractions were discriminated from 
the WSOC compositions. 

• SOC compounds during winter in 
Gwangju exhibit a more aliphatic nature 
than in Beijing. 

• Gwangju exhibit a more favorable 
environment for SOA formation process 
than Beijing.  
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A B S T R A C T   

Secondary organic aerosol (SOA) formation is important in the field of atmospheric science due to its impacts on 
public health and climate change. However, the molecular compositions or formation mechanisms of SOA have 
not been fully characterized in ambient atmospheres. In this study, ambient fine particle (PM2.5) samples were 
collected in two urban cities in Beijing, China and Gwangju, Korea during the winter and summer seasons, and 
the SOA-associated molecular features were characterized by using Fourier transform-ion cyclotron resonance 
mass spectrometry (FT-ICR MS). We found that the secondary organic carbon (SOC) during wintertime in 
Gwangju exhibit a more aliphatic nature, and those in Beijing have more aromatic structures like humic com
pounds. The contribution of CHOS to the total identified WSOC associated SOC was the most abundant at Beijing 
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site (~40%) compared to the Gwangju site (~30%), and the proportion of CHON species in the WSOC associated 
SOC accounted for ~30% in Beijing and 20–30% in Gwangju. Majority of SOC-derived CHOS species (~99%) 
likely contained sulfate functional groups at both sites regardless of the sampling season. Organonitrates pre
dominated in CHON species in summer compared to winter, but some fractions appeared to contain other po
tential nitrogen functional groups such as amide and nitrile (~20%), suggesting the existence of other formation 
pathways of organic nitrogen, especially during winter. This work gave an observation insight into the molecular 
features of SOC at two different sites, and will deepen the understanding on the region-specific SOA formation 
mechanisms.   

1. Introduction 

Organic aerosols (OAs) account for up to 50% of the total mass of 
ambient fine particles (Heintzenberg, 1989; Huang et al., 2014; Jimenez 
et al., 2003; Seinfeld and Pandis, 2016) and have been gaining 
increasing attention due to their impacts on air quality, climate change 
and human health (Poschl, 2005). Atmospheric OAs are comprised of 
primary organic aerosols (POAs), which are generated by fossil-fuel 
combustion, biomass burning, traffic, and industrial processes and 
directly emitted into the atmosphere, and secondary organic aerosols 
(SOAs), which are mainly formed from the chemical transformation of 
primary atmospheric organic compounds, such as oxidation of gaseous 
volatile organic compounds (VOCs) (Hallquist et al., 2009; Kroll and 
Seinfeld, 2008; McNeill, 2015; Poschl, 2005). The molecular composi
tion of SOA and the formation mechanism have received the most 
attention because they can be used to elucidate source origins, aging 
mechanisms and transformation processes, and SOA formation is closely 
related to the occurrence of haze episodes in urban areas (Han et al., 
2017; Li et al., 2020; Wang et al., 2021; Zheng et al., 2021). 

The carbonaceous components of OAs can be divided into organic 
carbon (OC) and elemental carbon (EC), and EC is known to absorb solar 
radiation, thus contributing to warming the atmosphere (Bond et al., 
2013) and OC has been considered to counteract global warming owing 
to its solar radiation scattering properties (Kasper-Giebl et al., 1999). In 
particular, atmospheric fine particle (PM2.5)-derived water-soluble 
organic carbon (WSOC) fraction is generally thought to be associated 
with the hygroscopic growth of aerosols, cloud condensation nuclei 
(CCN) activity and cloud droplet formation, and the scattering of the 
solar radiation (Matsumoto, 2022). WSOC also plays a significant role in 
the atmospheric transformation of primary organic molecules mainly 
due to their hygroscopic properties, which can determine their physi
cochemical properties including the size, concentration, and phase state 
of aerosols (Jing et al., 2016). In addition, the WSOC fraction is 
considered to include SOA formation products [that is, secondary 
organic carbon (SOC)], so a deeper understanding of the molecular 
compositions of PM2.5-carried WSOC is needed to unveil the SOA for
mation pathways and their potential impacts on climate change and 
public health. However, detailed information on the SOC constituents 
and the formation mechanism is still lacking due to the complexity and 
diversity of the components and the environments, depending on local 
sources, meteorological conditions, and the related atmospheric chem
istry (Seinfeld and Pankow, 2003; Turpin et al., 2000). 

Recently, several SOA formation and/or aging mechanisms have 
been proposed by smog chamber experiments, which can provide a more 
controlled environment (i.e., concentrations of precursors or catalysts, 
temperature or humidity) and less complicated products for simulating 
certain atmospheric reactions of interest than the actual atmosphere 
(Babar et al., 2016; Chuang and Donahue, 2017; Jorga et al., 2020; Liu 
et al., 2015; Qi et al., 2020). Qi and colleagues showed the effects of 
nitrogen oxides (NOx) on SOA formation from the photooxidation of 
toluene and ammonia for the chemical aging of toluene SOA using a 
smog chamber study (Qi et al., 2020). Mayorga and coworkers demon
strated that the nitrate radical oxidation of phenolic VOCs is one of the 
ways to produce secondary organic aerosols, thereby generating orga
nonitrate compounds in laboratory experiments (Mayorga et al., 2021). 

Although those smog chamber studies demonstrated some SOA forma
tion mechanisms and the contributions of certain precursors or catalysts 
(Babar et al., 2016; Liu et al., 2015), there is a large portion of uncer
tainty between field measurements and chamber experiments due to the 
complexity of the formation pathway of SOAs in the ambient atmo
sphere, and the details and related products in field samples have not yet 
been fully studied. For example, there are several chemical simulation 
models for SOA formation available, mainly based on coefficients 
derived from smog chamber experiments (Chung and Seinfeld, 2002; 
Hoffmann et al., 1997; Tsigaridis and Kanakidou, 2003); however, many 
uncertainties in the SOA formation processes, such as higher concen
trations of precursors, sticking coefficients of semi-VOCs, enthalpy of 
vaporization of compounds of interest, dimer or oligomer formations in 
the aerosol phase, that can be happened in real atmospheric conditions 
(Olcese et al., 2007). To close the gap between the laboratory and field 
conditions, Jorga and colleagues used a dual smog chamber system filled 
with ambient air, but nitrous acid was added only to the perturbed 
chamber (Jorga et al., 2020). Using the dual smog chamber system, they 
were able to quantify the formation rates of SOAs (i.e., organic tracers 
and inorganic species including nitrate and sulfate) under noon-time OH 
concentrations in ambient air. 

Ultrahigh-resolution Fourier transform-ion cyclotron resonance mass 
spectrometry (FT-ICR MS) has been widely utilized as a powerful tool for 
elucidating the molecular details of complicated organic constituents, 
which can be isolated from various environmental and biological sam
ples, such as water, soils, cell media, and/or aerosols (Bianco et al., 
2019; Ksionzek et al., 2016; Wozniak et al., 2008; Zhou et al., 2020). In 
particular, the molecular level characterization of aerosol-derived 
organic constituents was performed to elucidate the molecular compo
sition in detail. Wozniak and coworkers demonstrated the molecular 
composition of WSOC from aerosol samples, and presented SOC-related 
compounds in van Krevelen diagrams (region with 0.2 < O/C < 0.7 and 
0.8 < H/C < 1.5) (Wozniak et al., 2008). These criteria were suggested 
empirically by observations based on laboratory investigations (Altieri 
et al., 2008; Reinhardt et al., 2007), but those were not sufficient to 
discriminate SOA components from OA profiles. There are few reports 
that can show SOA-related chemical/molecular constituents and their 
formation mechanisms. Although high-resolution MS profiles of 
aerosol-derived organic substances could provide highly sophisticated 
chemical and molecular information on the organic compositions, it 
might get confused from the information without any reliable criteria on 
the SOA-related features. Therefore, another criterion to demonstrate 
SOA-associated molecular features in the massive amount of molecular 
information is needed as a breakthrough. 

While indeed there may be various sources contributing to WSOC, 
the preeminent ones recognized within the scientific community are 
direct emissions from biomass burning and the formation of SOA. This 
recognition is substantiated by previous research works (Decesari et al., 
2006; Jin et al., 2020; Saxena and Hildemann, 1996), which have 
consistently identified these as the most significant contributors to 
WSOC. In some instances, field studies have unveiled WSOC predomi
nantly originating from secondary sources, thereby positioning it as a 
valuable proxy for SOA, especially in regions that lack prominent 
biomass burning influences (Kondo et al., 2007; Weber et al., 2007). 
Feng and colleagues demonstrated that the estimation of SOCs using a 

M.S. Kim et al.                                                                                                                                                                                                                                  



Atmospheric Environment 318 (2024) 120235

3

WSOC-based method was more reliable than EC-based or tracer-based 
methods (Feng et al., 2013). Although other sources such as coal com
bustion, dust and vehicle emissions could contribute to WSOC, it was 
assumed here that WSOC is primarily associated with SOA formation 
and/or biomass burning. Biomass burning-related WSOC (WSOCBB) is 
calculated from the ratio of levoglucosan to OC, and then, nonbiomass 
burning-related WSOC (WSOCNBB) can be determined by differences 
between total WSOC and WSOCBB, resulting in the relative contribution 
of primary organic carbon (POC) and SOC to the measured OC values of 
airborne particles. In our previous report, the estimation of SOC con
centrations was also used to investigate the relationships with VOCs and 
NH3 in agricultural areas (Song et al., 2021). Using the estimated SOC 
concentrations, it would be expected to figure out the correlation with 
individual molecular features of WSOC, extracting the SOC-responsive 
molecular features from the entire WSOC compositions. 

Air pollutants do not adhere to geopolitical boundaries; rather, they 
traverse vast distances, making air pollution a challenge that necessi
tates collaboration among neighboring nations. Therefore, international 
efforts have gained prominence, with multiple collaborative research 
initiatives emerging to tackle environmental issues on a global scale 
(Arimoto et al. 1996, 2004; Choi et al., 2019a; Crawford et al., 2021; 
Halliday et al., 2019; Hoell et al., 1996; Park et al., 2021; Peterson et al., 
2019; Topping et al., 2004). One such noteworthy endeavor is the joint 
Korea-China campaign, supported by the National Research Foundation 
of Republic of Korea (NRF) and carried out from 2017 to 2020, known as 
the PM2.5 Research Project. This groundbreaking research initiative 
sought to elucidate the chemical composition of atmospheric PM2.5, 
shedding light on the sources and mechanisms behind haze episodes 
occurring in two distinct yet interconnected regions: Gwangju, South 
Korea, and Beijing, China, as demonstrated in our previous reports (Jang 
et al., 2020; Oh et al., 2023; Park et al., 2020). Beijing, as the capital city 
of China, notably faced severe episodes of smog and haze until 2013. The 
Chinese government, in recognition of the gravity of the situation, 
initiated the Air Pollution Prevention and Control Action Plan (APPCAP) 
in 2013. The implementation of this comprehensive action plan her
alded a marked improvement in air quality in the region (Guo et al., 
2018; Liu et al., 2023; Wang et al., 2023; Yang et al., 2020). Gwangju, on 
the other hand, ranks as the 6th largest city in South Korea and is located 
in a northwest wind trajectory from Beijing. Although both cities share 
common attributes in terms of their urban environments, including 
agricultural, residential, commercial areas, and major highways, they 
diverge significantly in terms of meteorological conditions (Park et al., 
2020). These differences encompass factors such as wind speed, tem
perature, and relative humidity. According to the chemical composition 
analysis and source apportionment results of our previous report (Park 
et al., 2020), a combination of multiple primary combustion sources and 
secondary formation under stagnant conditions and dusts under high 
wind speeds were the main contributors to haze episode at Beijing site, 
while Gwangju was more influenced by secondary formation of nitrate 
and organics under stagnant conditions. Consequently, it becomes 
evident that the characterization of air pollutants in both regions is 
indispensable to gain a comprehensive understanding of their sources 
and the intricate mechanisms that underlie their formation. 

In the present study, ambient PM2.5 were collected simultaneously in 
two urban cities in China and Korea (Beijing and Gwangju, respectively) 
during the winter and summer of 2019, and WSOC fractions of the PM2.5 
samples were investigated using ultrahigh-resolution Fourier transform 
ion cyclotron resonance mass spectrometry (FT-ICR MS) to acquire 
detailed molecular features. SOC fractions can be discriminated from the 
fractions of biomass burning in the FT-ICR MS-derived WSOC datasets 
using Spearman rank correlation analysis with the POC and SOC indices. 
We also determined the differences in the SOC-associated molecular 
features in different regions in winter and summer, which will provide 
new insights to understand the region-specific SOA formation 
mechanisms. 

2. Materials and methods 

2.1. Sampling of ambient fine particles (PM2.5) 

Ambient fine particles (PM2.5) were collected simultaneously at 24 h 
intervals in Beijing and Gwangju during winter (27 December 2018–25 
January 2019, 30 samples in each site) and summer (5–23 August 2019, 
19 samples in each site), respectively. Daily sampling times were 
09:00–08:30 (next day) at the Beijing site and 10:00–09:30 (next day) at 
the Gwangju site. In total, 98 samples were obtained from both sites 
during the sampling period. Sampling at the Beijing site was performed 
on the roof of a building on the Changping campus of Peking University 
(40.14◦N, 116.11◦E), 38 km northeast of urban Beijing. The Changping 
area is known to be highly influenced by biomass burning and vehicle 
emissions from neighboring settlements and the urban area of Beijing 
during winter (Zhang et al., 2018). The Gwangju site was located on the 
roof of the Gwangju Institute of Science and Technology (35.13◦N, 
126.50◦E). This site is located north (~8 km) of downtown Gwangju, 
where it is affected by a variety of pollution sources from agricultural 
areas, residential and commercial areas, industry, and highways, 
including biomass burning, heating, cooking, and industrial and traffic 
emissions (Lee et al., 2018). 

2.2. Preparation of WSOC from PM2.5 samples 

The fraction of WSOC was extracted from the PM2.5 samples (ca. 6 
cm2 of quartz filters) by placing the samples in ultrapure water and 
ultrasonicating the solution for 60 min at room temperature, as previ
ously described (Jang et al., 2019). The temperature of the ultrasonic 
bath was maintained at approximately 25 ◦C by continuously circulating 
tap water. The PM2.5 mass per corresponding filter area ranged from 
0.21 to 3.18 mg for the winter season and 0.11–1.19 mg for the summer 
season. Before extraction, 50 μL of 5-bromo-3-iodo-7-azaindole (100 μg 
mL− 1) was added to the solutions as an internal standard for internal 
calibration during sample measurements and signal normalization 
during data processing. The extracts were subjected to filtration using a 
glass syringe with a 0.45 μm Teflon filter to remove insoluble debris, and 
then, the filtrates were solid-phase extracted using a 3 mL Bond Elut PPL 
cartridge (Agilent, Santa Clara, CA). Briefly, the PPL cartridges were 
precleaned by passing them through 6 mL methanol, and then, they 
were conditioned with 6 mL 0.1% formic acid in water. Ten milliliters of 
the samples were loaded into the PPL cartridge, followed by washing 
with 6 mL of ultrapure water. The WSOC fractions retained in the car
tridges were eluted with methanol. The eluate was dried under a ni
trogen stream. Then, the dried samples were analyzed using an FT-ICR 
mass spectrometer after being reconstituted with 100 μL of 50% (v/v) 
aqueous acetonitrile. Highly pure HPLC-grade solvents were used in this 
study (i.e., 99.9% for methanol and acetonitrile). A field blank filter 
extract was also prepared in the same manner as a control. 

2.3. FT-ICR MS analysis and data processing for elemental formula 
assignment 

Highly accurate mass measurements of WSOC samples were carried 
out with FT-ICR MS (solariX XR™ system, Bruker Daltonics, Bremen, 
Germany) equipped with a 15 T superconducting magnet and a standard 
electrospray ionization (ESI) interface (Apollo II, Bruker Daltonics), as 
demonstrated previously (Jang et al., 2019). The WSOC extracts were 
directly infused into the mass spectrometer at a flow rate of 2 μL min− 1 

using a syringe pump. The MS was externally calibrated using a NaTFA 
solution (100 μg mL− 1 in methanol) with calibration errors below 0.1 
ppm before sample measurement. The FT-MS spectra for the samples 
were recorded from m/z 150 to 1200 with 100 scans per spectrum in 
negative ion mode with a time-domain transient of 4 mega words size 
and phase-corrected with the absorption mode, thereby yielding a 
resolving power of 800,000 (FWHM at m/z 400). The optimal conditions 
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of FT-ICR MS analysis were as follows: a capillary voltage of 3.5 kV, the 
drying gas flow of 4 L min− 1, the drying gas temperature of 200 ◦C, the 
ion accumulation time of 0.05 s, the transient length of 2.79 s, and the 
time of flight of 0.7 s for all experiments. 

The FT-ICR MS datasets were subjected to further processing, 
including peak detection and recalibration, using DataAnalysis (ver. 4.4, 
Bruker Daltonics) and elemental formula assignment using Composer 
(Sierra Analytics, Modesto, CA). Briefly, the empirical molecular for
mulas were determined for the masses of singly charged ions in the 
range of m/z 150–1000 by combinations of C1–100H1–200O1–60N0–4S0–2, 
and then, the molecular formulas with assignment errors >0.3 ppm were 
excluded from further interpretation. The assigned chemical composi
tions were displayed based on the atomic hydrogen-to-carbon (H/C) and 
oxygen-to-carbon (O/C) ratios on a van Krevelen diagram (Kim et al., 
2003). The modified aromaticity index (AImod) was used to interpret the 
aromaticity of organic molecules (Koch and Dittmar 2006, 2016). The 
double bond equivalent (DBE) value, representing the sum of rings and 
double bonds in each molecule, can be calculated from the number of 
atoms in the chemical formulas by the following equation: DBE = 1 + C – 
0.5 H + 0.5 N. The nominal oxidation state of carbon (OSC) was calcu
lated by the following equation: OSC = 4 – [4 + H/C – 3 N/C – 2O/C – 
2S/C]. Organic constituents can be categorized into four chemical 
classes based on their elemental composition [i.e., compounds con
taining only C, H and O (CHO), compounds containing C, H, O and N 
(CHON), compounds containing C, H, O and S (CHOS), and compounds 
containing C, H, O, N and S (CHONS)] (Choi et al., 2019a). The pro
portion of each compound group was estimated based on the FT-ICR MS 
peak-intensity-weighted percentage of the total. 

The assigned molecular formulae were classified into five subgroups 
based on their AImod and H/C ratio that can reflect the structures of 
aromatic rings and aliphatic chains of certain compound: (1) polycyclic 
condensed aromatics (CA); AImod > 0.66, (2) polyphenolic (PP); 0.5 <
AImod ≤ 0.66, (3) highly unsaturated and phenolic (HUP); AImod ≤ 0.5; 
H/C < 1.5, (4) aliphatic; AImod ≤ 0.5 and 1.5 ≤ H/C < 2.0 (Coward et al., 
2019). 

2.4. WSOC-based estimation of SOC and POC concentrations 

According to the previous literature by Feng et al. (2013), the con
centrations of SOCs in the PM2.5 samples were estimated by using a 
WSOC-based method. Given this assumption that the molecular con
stituents of the WSOC fraction are primarily associated with SOA for
mation or biomass burning (Kondo et al., 2007; Weber et al., 2007), the 
biomass burning-related WSOC (WSOCBB) was calculated from the ratio 
of levoglucosan to OC [Equation (1)], and the nonbiomass 
burning-related WSOC (WSOCNBB) was determined by differences be
tween total WSOC and WSOCBB [Equation (2)], as described in the 
publications (Feng et al., 2013; Oh et al., 2018; Song et al., 2021). 

WSOCBB =
WSOCBB

OCBB
×

OCBB

LevoglucosanBB
× Levoglucosan [Equation (1)]  

WSOCNBB =WSOCTotal − WSOCBB [Equation (2)] 

The value of WSOCBB/OCBB was calculated as 0.70 from the litera
ture by Sannigrahi et al. (2006). In particular, levoglucosan stands as a 
paramount organic tracer for biomass burning aerosols within the 
Earth’s atmosphere, renowned for its effectiveness in this regard. It is 
worth noting, however, that the measured ratio of levoglucosan to 
organic carbon (LevogBB/OCBB) can exhibit variability contingent on 
factors such as sampling location and season. Moreover, this ratio is 
inherently influenced by combustion conditions and the specific type of 
biomass being burned, rendering the precise estimation of such ratios for 
a given region and season a rather formidable challenge. In pursuit of a 
comprehensive understanding, our study has systematically referenced 
fifteen distinct LevogBB/OCBB values originating from diverse biomass 
combustion experiments, meticulously curated from five prior research 

works (Calvo et al., 2015; Fine et al., 2001; Gonçalves et al., 2011; 
Puxbaum et al., 2007; Salma et al., 2017) (see Supplementary Table S2). 
Through an intricate synthesis of this wealth of data, we have derived an 
average LevogBB/OCBB value gleaned from previous research endeavors, 
which collectively encompass a wide spectrum of wood combustion 
experiments. This average, calculated to be 0.24, holds significant im
plications for our study, further yielding an OCBB/LevogBB ratio of 4.17. 
Here, the WSOCNBB concentration corresponds to the SOC concentra
tion, and the POC concentration is finally determined by subtracting the 
SOC from OC. 

2.5. Multivariate statistical analysis 

Canonical correspondence analysis (CCA) is a multivariate ordina
tion technique that determines axes from the response data as a linear 
combination of measured predictors. In ecology, CCA is often used to 
extract gradients that drive the composition of ecological communities 
(ter Braak and Verdonschot, 1995). Therefore, it can elucidate the 
relationship between two sets of data such as microbial species abun
dance at different sites and environmental variables on the same sites. 
That is, CCA uses two different data sets to describe relationships be
tween variables, compared to principal component analysis (PCA), 
which uses one data set (i.e., microbial abundance) to describe differ
ences in community composition between samples. In this study, CCA 
was used to visualize the difference in the chemical compositions of 
WSOC fractions collected from Beijing and Gwangju using the mean 
intensity of each formula along with their relationships with environ
mental variables. The normality of variables was tested by the Shapir
o–Wilks test for all variables. All steps were computed in R applying the 
‘vegan’ package (Oksanen et al., 2014); especially, CCA was performed 
with the ‘cca’ function of the ‘vegan’ package, and the correlation test 
was conducted using the ’stats’ package (R Core Team, 2020). Pearson’s 
correlation between the proportion of molecular classes and chemical 
compositions was calculated. 

To determine how the indices of POC and SOC were associated with 
WSOC chemical composition, Spearman’s rho was calculated between 
the indices and the relative abundances of individual molecular for
mulas for all the samples. Spearman’s rho was visualized in a heatmap 
and a van Krevelen diagram for each module, and only formulas with 
Spearman’s rho >0.4 were presented in the van Krevelen diagram to 
simplify the plot. 

2.6. Air mass transport analysis 

The air mass backward trajectories of a given air mass arriving at the 
sampling sites were calculated to estimate the air mass transport history 
using the Hybrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) model of the National Oceanic and Atmospheric Adminis
tration (NOAA) and meteorological data from the Global Data Assimi
lation System (GDAS) of the National Centers for Environmental 
Information (NCEI) database (Draxler and Hess, 1998). The 72-h back
ward air mass trajectories were computed in 3-h intervals using the 
HYSPLIT model with an endpoint height of 100 m at the receptor site, as 
described in our previous studies (Choi et al., 2019a; Park et al., 2020). 
In total, 704 air mass backward trajectories were obtained during the 
sampling periods (winter: 480; summer: 304, respectively). To catego
rize the major air masses affecting the receptor sites, air mass backward 
trajectory data were clustered using an angle-based distance matrix, 
taking into account the distance between each pair of back trajectories 
(Bogawski et al., 2019; Sirois and Bottenheim, 1995). All computation 
steps were run in R using openair packages (Carslaw and Ropkins, 2012; 
R Core Team, 2020). 

M.S. Kim et al.                                                                                                                                                                                                                                  



Atmospheric Environment 318 (2024) 120235

5

3. Results and discussion 

3.1. Molecular characterization of WSOC in PM2.5 collected during 
winter and summer seasons at Beijing and Gwangju sites 

The daily mean PM2.5 concentrations at Beijing and Gwangju during 
the winter period were substantially higher (33.65 μg m− 3 and 32.34 μg 
m− 3, respectively) than those during the summer period (20.24 μg m− 3 

and 20.03 μg m− 3, respectively). The temporal distributions of the 24-h 
averaged PM2.5 concentrations at the two sampling sites showed no 
significant difference (p = 0.99 for winter and p = 0.74 for summer) 
throughout the sampling periods (see Supplementary Fig. S1). In this 
study, we aimed to elucidate the compositional difference of SOC 
collected at different sites and different seasons, so ultrahigh-resolution 
FT-ICR MS analysis was performed to figure out molecular level differ
ences on the compositions of the PM2.5-carried WSOC. 

A total of 10,790 chemical formulas were assigned from PM2.5- 
derived WSOC samples at the Beijing and Gwangju sites by high- 
resolution ESI (− ) FT-ICR MS measurements. The majority of the mo
lecular formulae of WSOC in Beijing during wintertime was dominated 
by the CHOS group (25.5–40.1%, mean = 33.3% ± 3.5%), while at the 
Gwangju site the CHONS (15.5–40.1%, mean = 33.8% ± 7.2%) and 
CHOS (22.1–39.3%, mean = 29.4% ± 3.9%) accounted for 63.1%, in all 
samples (Fig. 1 and see Supporting Information). The majority of the 
molecular formulae in Beijing during summertime were CHONS 
(6.9–45.2%, mean = 33.8% ± 11.7%), while at the Gwangju site the 
CHONS (17.6–62.3%, mean = 41.1% ± 10.7%) was dominated, 
respectively. According to the van Krevelen diagrams of WSOC fractions 
in PM2.5 samples (Fig. 1), WSOC during the winter apparently seemed to 

exhibit less aliphatic nature (lower H/C ratio) and less oxidized state 
(lower O/C ratio) than those during the summer. The higher H/C and O/ 
C ratios of WSOC during the summer were agreed well with previous 
observations (Kondo et al., 2007; Ning et al., 2022; Trump and Donahue, 
2014) and probably support the attribution to SOC formation processes 
leading to aliphatics and highly unsaturated structures. Besides, no 
significant correlation was observed between each fractions of chemical 
class compounds in WSOC and representative secondary inorganic ions 
(i.e., nitrate and sulfate) (Supplementary Fig. S2). 

We conducted a canonical correspondence analysis (CCA) including 
all elemental formulas assigned from all WSOC samples, gaseous species, 
particulate ions, and meteorological conditions encompassing temper
ature (Temp) and relative humidity (%RH) (Fig. 2 and Supplementary 
Fig. S3). The first two axes, CCA1 and CCA2, explained 45.2% and 
15.6% for winter and 38.8% and 16.9% for summer, respectively, of the 
variability of WSOC-related indices. During the winter, the WSOC 
samples from Beijing and Gwangju were clearly separated by CCA1 
ordination. Temp, %RH, and O3 showed positive CCA1 loadings, while 
SO2 and CO displayed negative CCA1 and positive CCA2 loadings 
(Fig. 2a), i.e. CCA1 was closely and positively associated with haze 
events at the Gwangju site, supporting Temp and %RH were the main 
drivers for WSOC composition in Gwangju, and SO2 and CO significantly 
contributed for the attribute of WSOC in Beijing. During the summer, 
WSOC samples from both Beijing and Gwangju sites were less obviously 
clustered than the winter clustering (Fig. 2b). Temp and SO2 were the 
representative of positive CCA1 loadings, and NO2, NO3

− and O3 showed 
negative CCA1 loading. Given these observations, the wintertime sam
ples were well clustered by each region compared to those from the 
summer season, likely implying that the molecular composition of 

Fig. 1. Van Krevelen plots of the assigned chemical formulas in the PM2.5-derived WSOC: the (a) winter and (b) summer observations in Beijing, and the (c) wither 
and (d) summer observations in Gwangju. The pie charts show the relative contributions of each chemical group in terms of peak intensity. 
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WSOC collected in winter may reflect more local characteristics than 
those in summer. As the molecular composition of SOC comes from the 
transformation of POC (Hallquist et al., 2009; McNeill, 2015), the con
stituents of SOC are likely reflect the local primary sources. Although the 
van Krevelen plots and CCA results of WSOC-derived organic molecules 
showed seasonally and regionally different profiles of WSOC samples 
(see Figs. 1 and 2), it was insufficient to describe the SOC-related 

components in detail, so we further introduced other factors to 
discriminate the SOC-associated molecular features from the entire 
WSOC molecular species. 

According to the air mass transport history analysis, each of three 
clusters of air masses occurred in Beijing and Gwangju sites, respec
tively, during the winter of 2019 (Fig. 3a and b). The fast-moving 
northwest air mass, passing through the inner Mongolia area (blue 

Fig. 2. Canonical correspondence analysis (CCA) score plots of WSOC profiles of PM2.5 collected during winter (a) and summer (b) at the Beijing and Gwangju sites 
encompassing variables including inorganic gaseous species (including CO, SO2, NO2, O3), particulate ions (including NO3

− , SO4
2− ), and meteorological conditions 

(including Temp and %RH). Triangle, square and circle indicate haze event (daily mean PM2.5 concentration of over 100 μg m− 3), normal (daily mean PM2.5 
concentration of over or equal to 30 μg m− 3 and less than or equal to 100 μg m− 3), nonevent (daily mean PM2.5 concentration of less than 30 μg m− 3) days, 
respectively, and grey crosses represent the individual WSOC formulas. 

Fig. 3. Major clusters of air mass backward trajectories in (a) Beijing in Winter (2019), (b) Gwangju in Winter (2019), (c) Beijing in Summer (2019), and (d) 
Gwangju in Summer (2019) (72-h air mass backward trajectories arriving at the receptor site at the height of 100 m). The black dots indicate the locations of the 
sampling sites (the Beijing site, 40.14◦N, 116.11◦E; the Gwangju site, 35.13◦N, 126.50◦E). 

M.S. Kim et al.                                                                                                                                                                                                                                  



Atmospheric Environment 318 (2024) 120235

7

line in Fig. 3a) dominated in the Beijing site, while Gwangju seemed 
more likely to be influenced with the fast-moving northwest air mass 
from the northeast China area (blue line in Fig. 3b). Conversely, the 
slow-moving west and northwest air masses (orange lines in Fig. 3a and 
b) were the most likely main driver during haze event in the Beijing site 
(the C2 cluster in Supplementary Fig. S4a), supporting that stagnant 
atmospheric conditions played a critical role in elevated PM2.5 during 
the winter PM2.5 (Park et al., 2020). It was also assumed that primary 
products under stagnant conditions could be the major precursors of 
winter SOC in Beijing, leading to more aromatic properties. During the 
winter period, the haze episodes occurred with the slow-moving west 
and northwest air masses (the C2 clusters in Supplementary Figs. S4a 
and b) and non-haze days are associated with the fast-moving northwest 
air masses (the C1 clusters in Supplementary Figs. S4a and b) in both 
sampling sites. The concentrations of PM2.5 and WSOC significantly 
increased in the C2 cluster compared to the C1 cluster, but the chemical 
composition of WSOC (the proportions of CHO, CHON, CHOS, and 
CHONS species) did not change depending on the clusters, and increase 
in PCA was observed in the dominant C2 cluster in both regions during 
the winter (Supplementary Fig. S5). 

During the summer of 2019, we observed three clusters of air masses 
in Beijing and four clusters of air masses in Gwangju (Fig. 3c and d). The 
slow-moving southwest air mass (48.9%, red line in Fig. 3c) was most 
prevalent in the Beijing site, followed by the fast-moving northwest air 
mass (40.7%) from the inner Mongolia area. Gwangju, in particular, was 
found to be more stagnant due to the influence of four different air 
masses in four different directions during the sampling period (Fig. 3d). 
Air mass cluster analysis showed that haze episodes in Beijing during 
summer were also significantly associated with WSOC, with decreased 
levels of CHO species and increased levels of CHOS species (Supple
mentary Fig. S5). Under the given meteorological conditions (higher % 
RH and Temp, and lower wind speeds), Gwangju was supposed to 
exhibit a more favorable environment for SOA formation process than 
Beijing during the Summer of 2019, resulting in the different chemical 
characteristics of SOC in the sampling sites, as shown in Fig. 4. Of 
course, other factors including gaseous species (NO2, SO2, and O3) and 
particulate ions (NO3

− and SO4
2− ) can affect the composition of SOA. The 

gaseous and ion species data were obtained from our previous study (Oh 
et al., 2023; Park et al., 2020) and the overall environmental variables 

are summarized in Supplementary Dataset S0. 

3.2. Determination of SOC-associated molecular features in WSOC 
compositions 

According to the concentrations of SOC and POC estimated by using 
the WSOC-based method in this study, SOC accounted for 40.4% ± 6.2% 
of OCin Gwangju during the winter, while the contribution of SOC to OC 
decreased (18.1% ± 9.8%) in Beijing, supporting that the primary 
combustion products were a major contributor of air pollution in 
wintertime Beijing and the contribution of SOC in Gwangju was two 
times greater than that in Beijing. In addition, the SOC fraction in 
Gwangju contributed more (59.9% ± 10.1%) than that in Beijing 

Fig. 4. Temporal distributions of measured PM2.5 concentrations and POC & SOC concentrations estimated in this study at the Beijing (a) and Gwangju (c) sites 
during the study periods. Relationships between PM2.5 and %SOC at Beijing (b) and Gwangju (d) sites. The colored dots in panels b and d denote the sampling seasons 
in each sampling site. Significance tests: ***p < 0.001, **p < 0.01, *p < 0.05. 

Table 1 
Contributions of primary organic carbon (POC) and secondary organic carbon 
(SOC) in Beijing and Gwangju.  

Sampling 
site 

Sampling 
season 

WSOC 
(μg/ 
m3) 

OC 
(μg/ 
m3) 

Levoglucosan 
(μg/m3) 

POC 
(μg/ 
m3) 
[%] 

SOC 
(μg/ 
m3) 
[%] 

Beijing 
(China) 

Winter 2.0 ±
2.1 

8.4 
±

5.9 

0.096 ± 0.061 6.9 ±
4.7 
[81.9 
± 9.8] 

1.8 ±
1.9 
[18.1 
± 9.8] 

Summer 2.1 ±
1.7 

4.8 
±

1.8 

0.026 ± 0.009 2.7 ±
0.8 
[62.3 
±

20.1] 

2.1 ±
1.7 
[37.7 
±

20.1] 
Gwangju 

(Korea) 
Winter 2.9 ±

1.6 
5.9 
±

3.1 

0.157 ± 0.067 3.5 ±
1.8 
[59.6 
± 6.2] 

2.4 ±
1.5 
[40.4 
± 6.2] 

Summer 2.4 ±
1.3 

3.7 
±

1.9 

0.027 ± 0.013 1.4 ±
0.7 
[40.1 
±

10.1] 

2.3 ±
1.3 
[59.9 
±

10.1] 

The daily WSOC, OC, and levoglucosan concentrations were obtained from our 
previous literatures (Oh et al., 2023; Park et al., 2020). 
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(37.7% ± 20.1%) in the summer (Fig. 4). The mean concentrations and 
relative contributions of POC and SOC were summarized in Table 1 and 
Supplementary Tables S1 and 3. 

The positive relationships between the mass of PM2.5 and the relative 
fraction of SOC (%SOC) in OC at both sampling sites, shown in Fig. 4b 
and d, were agreed well with the report that the mass of secondary 
pollutants including SOA and secondary inorganic ions increased with 
increasing PM2.5 mass (i.e., under more polluted atmospheric condi
tions) (Tong et al., 2016). The higher correlations of %SOC with PM2.5 
mass at the Beijing site than those at the Gwangju site were hypothesized 
by that the SOA formation can be more significantly influenced by pri
mary precursor molecules in the atmosphere in Beijing (Fig. 4b), but the 
SOA formation in Gwangju were less significantly affected by the PM2.5 
mass (Fig. 4d), thus resulting in less PM2.5 dependent trend in %SOC. 

We also investigated their relationships of daily SOC concentrations 
with chemical and molecular classes of WSOC compositions (see Sup
plementary Fig. S6). Significant positive relationships with %CHONS 
and %Aliphatic and negative relationships with %CHO, %HUP and %PP 
were observed in Gwangju during winter, while no significant correla
tion was observed in Beijing. During the summer of 2019, no significant 
relationship of SOC concentrations with chemical and molecular classes 
was observed at both sites. 

Furthermore, daily SOC concentrations at both sampling sites, esti
mated using the WSOC method above, were used to extract the SOC 
constituents from the FT-ICR MS-derived datasets. Spearman correlation 
analysis between daily SOC concentrations and the intensities of the 
assigned molecular formulas was applied to determine the SOC- 
associated molecular features from the FT-ICR MS-derived WSOC 
datasets. Van Krevelen diagrams were used to further elucidate the 
Spearman rank correlations between molecular formulas and indices of 
biomass burning and SOC. As shown in Fig. 5a and c, the SOC-associated 
molecular features were distinctly assigned during winter in both Bei
jing and Gwangju. 

The majority of SOC in Beijing during winter was dominated by 

Aliphatics (42.2%), followed by HUP (37.2 %), PP (11.5%), PCA (3.0%) 
and others (6.1%), while at the Gwangju site Aliphatics (74.4%) and 
HUP (10.6%) accounted for 85.0%, and PCA, PP, and the remainders 
accounted for 8.0%, 1.1% and 5.9%, respectively (Supplementary 
Fig. S7). Comparatively, the majority of SOC in Beijing during summer 
was Aliphatics (45.4%) and HUP (28.4%), followed by PCA (10.4%), PP 
(1.8%), and others (14.8%), while at the Gwangju site the Aliphatics 
(62.7%), followed by HUP (30.9%), PCA (3.0%), PP (1.8%) and others 
(1.7%) were dominated, respectively (Supplementary Fig. S7). 

3.3. In-depth characterization of SOC-associated molecular features 

The mean ratio of mass to charge (m/z) was higher for the SOC- 
associated compositions (m/z ≈ 458.1 and 470.8, respectively) 
compared with the total WSOC formulae in both Beijing and Gwangju 
during wintertime (m/z ≈ 421.1 and 440.6, respectively) (Fig. 6). The 
higher mean m/z of SOC-molecular features during winter were sup
posed that the SOA formation products during winter mainly come from 
the oligomerization of the primary VOC precursors (i.e., glyoxal or 
α-pinene), resulting in higher molecular weight compounds compared to 
WSOC compositions (Tolocka et al., 2004; Trump and Donahue, 2014). 

The relative contributions of CHO species in SOC fractions at the 
Beijing site (9.7% ± 1.9% for winter and 13.6% ± 6.2% for summer) 
were smaller than those at the Gwangju site (13.1% ± 5.5% for winter 
and 17.2% ± 6.4% for summer) regardless of the sampling seasons (see 
Supplementary Table S1). In particular, the CHO compounds showed 
broader O number distributions (O3~O19) during the summer than those 
during winter at both sampling sites (Supplementary Fig. S8), implying 
more oxidations of the CHO species during summer season, and it was 
agreed well with the higher O/C ratios of the assigned formulas in the 
summer season (see Supporting Datasets). 

As the CHOS species was the most abundant in the WSOC at the 
Beijing site during winter, the CHOS fractions in SOC at the Beijing site 
during winter were 40.9% ± 3.9% of the total, while those in SOC 

Fig. 5. Van Krevelen plots displaying the Spearman rank correlations (Spearman’s rho, ρ) between SOC and the chemical formulas of PM2.5-derived WSOC in this 
study. Only formulas with only |r| > 0.4 and p < 0.05 were presented in the van Krevelen diagram to simplify the plot. The compositions showing no significant 
correlation (p > 0.05) with SOC were colored grey. Compound classes include polycyclic condensed aromatics (PCA; AImod > 0.66), polyphenolic (PP; 0.5 < AImod ≤

0.66), highly unsaturated and phenolic (HUP; AImod ≤ 0.5 and H/C < 1.5), aliphatics (1.5 ≤ H/C < 2). 
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accounted for 44.2% ± 11.5% during summer (Supplementary 
Table S1). At the Gwangju site, the CHOS species in SOC were 28.5% ±
3.5% and 33.6% ± 5.4% for winter and summer, respectively. It was 
assumed that the CHOS class species are the major products of SOC at 
both Beijing and Gwangju sites, and the contribution of CHOS species 
was more dominant at Beijing than one at Gwangju. Among the sulfur- 
containing molecules, the formulas with O/S ≥ 4 were considered as 
organosulfate species, as demonstrated previously (Tong et al., 2016). 
The CHOS compounds contain one or two sulfur atoms and more than 
99.8% ± 0.1% (for Beijing) or 99.7% ± 0.2% (for Gwangju) of them 
during winter and 97.2% ± 2.3% (for Beijing) or 98.5% ± 1.2% (for 
Gwangju) of them during summer exhibit O/S ratios greater than 4 
(Supplementary Table S4), implying the CHOS species in SOC fractions 
exist as a form of organosulfate. 

The CHON proportions in the SOC at the Beijing site during winter 
were 29.7% ± 4.2% of the total, and the corresponding fraction during 
summer was 25.7% ± 6.8%. At Gwangju site, the CHON species in SOC 
accounted for 19.5% ± 4.7% for winter and 33.3% ± 8.1% for summer 
(Supplementary Table S1). Thus, it seems that the CHON class species 
are one of the major products of SOC at both Beijing and Gwangju during 
the winter and summer. As the presence of organonitrate compounds 
from the CHON class species can be estimated with the formulas with O/ 
N ≥ 3 (Ning et al., 2022), the organonitrates were found to be present in 
SOC-associated CHON species with about 80% of the total throughout 
the sampling seasons at the Beijing site (Supplementary Table S4). In 
comparison, organonitrates accounted for 73.5% ± 14.1% of the total 
SOC species for winter and increased up to 94.9% ± 1.4% for summer at 
the Gwangju site, showing the increased contribution of organonitrate 
on the SOC composition in Gwangju during summer. Taken together, the 
relative contributions of organonitrate as one of the constituents of 
CHON in SOA were not changed in Beijing during Winter and Summer of 
2019, but in Gwangju the organonitrate was more dominant during 
summer. The remaining fractions of SOC-associated CHON class com
pounds might exist as a form of nitriles, amides, amines, and nitro 
compounds (Booyens et al., 2019; Malloy et al., 2009). 

CHONS species occupied 19.4% ± 4.0% and 15.7% ± 6.9% of the 
total SOC at the Beijing site during winter and summer, respectively, 
while it accounted for 35.8% ± 8.5% and 15.5% ± 3.1% for winter and 
summer at the Gwangju site (Supplementary Table S1). Among the 
sulfur and nitrogen-containing molecules, the formulas with O/(4S+3N) 
≥1 were considered as organosulfate and/or nitrooxy organosulfates 
species. In Beijing 93.1% ± 3.5% of CHONS species during winter and 
83.9% ± 10.8% during summer were. 99.2% ± 0.3% for winter and 
88.4% ± 5.8% for summer at Gwangju (Supplementary Table S4). 
Higher proportions of oxidized organosulfates and/or nitrooxy organo
sulfates (~99.7%) in SOC during winter compared to those (~86.1%) 
during summer perhaps indicate the presence of stronger drivers to the 
formations of oxidized organosulfates or nitrooxy organosulfates. Our 
observations that more than 80% by number of the assigned CHONS 
species largely exhibit oxidized organosulfates and/or nitrooxy orga
nosulfates were agreed well with the previous report by Jiang et al. 

(2022). 

4. Conclusions 

We conducted a comparative analysis of SOA-associated molecular 
features in PM2.5 collected at different regions (Beijing in China and 
Gwangju in Korea) during different seasons (winter and summer). WSOC 
fractions of the PM2.5 samples were analyzed using FT-ICR MS to obtain 
detailed chemical compositions of the PM2.5-derived WSOC samples. 
The SOC-associated fraction was then discriminated from the fraction of 
biomass burning in the FT-ICR MS-derived WSOC datasets using the 
WSOCBB and WSOCNBB indices. 

Correlations of %SOC with PM2.5 mass in Fig. 4 showed that SOA 
formation in Beijing was more influenced by primary emission sources 
than in Gwangju. Following molecular characterization of SOC fractions 
revealed that the SOC fractions in Gwangju exhibit more aliphatic na
tures and those in Beijing were more likely highly unsaturated and 
phenolic compounds (HUP), showing their different precursors and 
formation processes. Higher %RH and Temp, and stagnant atmospheric 
condition (lower wind speeds) in Gwangju during summer was the most 
significant driver to SOA formation, thereby resulting in more aliphatic 
nature of SOC, compared to those in Beijing. 

The WSOC-based SOC estimation method used in this study might 
have certain uncertainty perhaps due to the inaccuracy of the estimated 
SOC fraction. The measured levoglucosan to OC ratio can vary by 
sampling regions and seasons, it will also be different depending on 
combustion condition and type of biomass burned. PM2.5-derived SOC 
fractions exhibit a very complex composition consisting of organic 
molecules containing a wide range of functional groups including car
boxylic acid and carbonyl but also oxidized and reduced nitrogen and/or 
sulfur groups, and those highly variable organic compositional charac
teristics and concentrations can be significantly influenced by environ
mental and meteorological conditions (i.e., gaseous species, particulate 
ions, temperature and relative humidity). Additionally, the criteria used 
in this study (i.e., O/S ≥ 4, O/N ≥ 3, or O/(4S+4N) ≥ 1) were not ab
solute conditions describing the presence of OS or ON, and there may be 
some discrepancies between the actual compositions. Nevertheless, it 
was worthwhile to use these criteria to compare the apparent profiles of 
SOC composition between different sites in different seasons. Therefore, 
it is noted that the detailed compositional characteristics of SOC fraction 
and the correlation with other environmental factors can be a key to 
understanding the complicated formation mechanism of SOA, and will 
be used as a control measure to solve the haze problem in Northeast 
Asia. 
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