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• Winter PAH profiles in PM2.5 vary by 
region: Ulaanbaatar, Beijing, and Seoul.

• Ulaanbaatar has the highest PAHs, 
mainly from coal and biomass burning.

• Beijing and Seoul show more oxygen
ated/nitrogenated PAHs via secondary 
reactions.

• Seoul’s hydroxylated PAHs show the 
highest ecotoxicity among three cities.
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A B S T R A C T

Industrialization and urbanization in Northeast Asia have heightened PM2.5 pollution, posing significant public 
health risks. This study examined the spatial and chemical variability of polycyclic aromatic hydrocarbons 
(PAHs) and their ecotoxicity in winter PM2.5 from three capitals—Ulaanbaatar (UB, Mongolia), Beijing (BJ, 
China), and Seoul (SE, South Korea)—using two-dimensional gas chromatography time-of-flight mass spec
trometry (GC×GC-TOF MS). PM2.5 samples collected between December 15, 2020 and January 14, 2021 revealed 
UB had the highest concentrations (85.7 ± 36.7 μg m− 3) and PAH levels (758.9 ± 224.7 ng m− 3), primarily from 
coal combustion and biomass burning. BJ (30.3 ± 16.9 μg m− 3; 41.4 ± 18.4 ng m− 3) and SE (26.0 ± 14.4 μg m− 3; 
6.2 ± 2.4 ng m− 3) had lower PAH levels but a higher share of secondary products, including oxygenated (OPAHs) 
and nitrogen-containing PAHs (NPAHs). Overall, 646 PAH compounds were identified: UB was dominated by 
methylated alkyl and sulfur-containing PAHs, while BJ and SE had more hydroxylated and carbonylated PAHs. 
QSAR ecotoxicity analysis indicated the highest toxicity in SE from hydroxylated PAHs and a broader toxic range 
in UB. These findings support air quality strategies to reduce coal combustion in UB and secondary PAH for
mation in BJ and SE.

1. Introduction

Air pollution remains a pressing environmental concern, particularly 
in densely populated regions like Northeast Asia [1]. The rapid indus
trialization and urbanization in these areas have led to elevated levels of 
particulate matter with a diameter of 2.5 micrometers or less (PM2.5), 
primarily due to increasing anthropogenic activities, posing significant 
risks to human health and the environment [2–4]. PM2.5 is of particular 
concern because of its ability to penetrate deeply into the respiratory 
system, resulting in numerous health complications, including respira
tory and cardiovascular diseases, and even premature mortality [5,6]. 
The World Health Organization (WHO) has emphasized the urgency of 
reducing PM2.5 levels to safeguard public health, particularly in regions 
suffering from high pollution [7].

Among the diverse components of PM2.5, polycyclic aromatic hy
drocarbons (PAHs) stand out due to their ubiquity, persistence, and 
detrimental health effects [8,9]. PAHs are a class of organic pollutants 
composed of multiple fused aromatic rings, often produced during 
incomplete combustion processes such as vehicle emissions, industrial 
activities, residential heating, and biomass burning. PAHs can be 
broadly categorized into parent (unsubstituted) PAHs and their de
rivatives, which include oxygenated PAHs (OPAHs), nitrated PAHs 
(NPAHs), alkylated PAHs, and sulfur-containing PAHs (SPAHs). Parent 
PAHs are typically formed through incomplete combustion of organic 
matter and are characterized by relatively lower reactivity but higher 
environmental persistence [10]. In contrast, PAH derivatives are often 
generated through atmospheric transformation processes such as 
photochemical oxidation and nitration, resulting in compounds with 
increased polarity, volatility, and in some cases, heightened toxicolog
ical activity. For example, OPAHs and NPAHs are more soluble in water 
and may exhibit enhanced oxidative stress potential compared to their 
parent compounds [11]. Alkylated and sulfur-containing PAHs, 
frequently observed in coal combustion emissions, can also demonstrate 
altered environmental behavior and bioavailability due to changes in 
molecular weight and functional group interactions [12,13]. This 
distinction is critical for understanding the atmospheric fate and eco
toxicological risks associated with complex PAH mixtures in urban 
environments.

PAHs are also categorized by their ring structures, with examples 
ranging from naphthalene (two rings) to benzo[a]pyrene (five rings), 
the latter being noted for its potent carcinogenicity [10]. Several PAHs 
are recognized as mutagenic, teratogenic, and carcinogenic, with some 
classified as probable or possible human carcinogens by the Interna
tional Agency for Research on Cancer (IARC) [14]. In the health risk 
assessment of PAHs, cancer slope factor (CSF) and toxic equivalency 
factor (TEF) serve as critical tools for quantifying carcinogenic risk. The 
CSF enables estimation of cancer risk based on dose-response data [15], 
while TEF assigns relative potency values to PAHs in complex mixtures 

[16], with benzo[a]pyrene (BaP) widely used as the reference com
pound. However, these methods are limited by the lack of toxicity data 
for many PAH compounds, necessitating advanced approaches to refine 
risk assessment frameworks and better characterize the risks associated 
with comprehensive PAH exposure.

Recent advancements in toxicity assessment methodologies offer 
solutions to these challenges. Quantitative structure-activity relation
ship (QSAR) models predict the toxicity of chemical compounds based 
on molecular structure, serving as a valuable tool when experimental 
data are limited [17]. Interspecies correlation estimation (ICE) models 
complement QSAR by extrapolating toxicity data from surrogate species 
to other species, enhancing the robustness of predictions [18]. The 
integration of QSAR and ICE models has been shown to improve the 
derivation of predicted no-effect concentration (PNEC) values for 
ecological risk assessment [17]. Moreover, network toxicity models 
elucidate compound-gene-pathway interactions, providing a mecha
nistic understanding of PAH toxicity [19]. These advanced tools signif
icantly enhance the precision of toxicity evaluations, addressing key 
gaps in the assessment of PAH-related risks [20,21].

The origins of PAHs in urban environments are diverse and complex. 
They can arise from both primary sources, such as direct emissions from 
vehicles and industrial activities, and secondary sources, formed 
through atmospheric reactions [22]. Additionally, PAHs are classified 
into petrogenic (from crude oil and petroleum products), pyrogenic 
(from high-temperature combustion), and biogenic (from natural pro
cesses such as wildfires) sources. By analyzing PAH concentrations and 
compositions, researchers can infer dominant pollution sources and 
assess the contributions of secondary formation processes [23–25]. This 
source-specific information is critical for developing effective mitigation 
strategies to reduce PAH levels and their associated risks in urban 
environments.

The concentration and composition of PAHs in PM2.5 exhibit 
considerable seasonal and regional variability, particularly in winter. 
Heightened heating demands, increased cooking activities, and the 
operation of coal-fired power plants during winter exacerbate PAH 
emissions. This is especially pronounced in urban cities of Northeast 
Asia, where dense populations and extensive industrial activities 
intensify air pollution [23,26,27]. Despite the severity of winter air 
pollution in this region, previous studies have primarily focused on a 
limited subset of PAH compounds, leaving critical gaps in source 
apportionment and ecotoxicity assessment. Therefore, a comprehensive 
understanding of region-specific PAHs in winter PM2.5 is essential to 
address these challenges.

This study aims to address these gaps by conducting a region-specific 
characterization and ecotoxicity assessment of PAH compounds in 
winter PM2.5 samples from three capital cities in Northeast Asia: 
Ulaanbaatar (UB in Mongolia), Beijing (BJ in China), and Seoul (SE in 
South Korea). These cities were selected based on their strategic 
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locations along the East Asian westerlies, distinct energy infrastructures, 
and relevance to transboundary air pollution policymaking. While cities 
such as New Delhi also face severe air quality issues, the scope of this 
study was intentionally limited to Northeast Asia in alignment with the 
objectives of the Fine Particle Research Initiative in East Asia Consid
ering National Differences (FRIEND), a multinational project led by 
South Korea to investigate the regional dynamics of PM2.5. Importantly, 
the three study sites exhibit distinct fuel usage and heating in
frastructures that influence their emission profiles. UB primarily relies 
on raw coal and biomass for residential heating, particularly in ger 
districts where centralized heating is unavailable, contributing to sub
stantial primary emissions of PAHs and other combustion-related pol
lutants [28,29]. In contrast, BJ has implemented a widespread district 
heating system powered mainly by natural gas and cleaner fuels, sup
ported by strong governmental mandates to phase out coal in urban 
cores [30,31]. SE utilizes mixed heating systems that include city gas, 
electric heating, and centralized networks, with comparatively stricter 
emission control regulations [32]. These differences in fuel types and 
heating practices provide a contextual basis for interpreting the regional 
variations in PAH concentrations and compositions observed in this 
study.

Unlike conventional studies that often rely on disjointed regional 
sampling efforts or limited targeted compound analyses, our study 
implemented a synchronized monitoring campaign across UB, BJ, and 
SE during the same winter period. At each site, real-time meteorological 
data, PM2.5 concentrations, and gas-phase pollutants were continuously 
measured through on-line instruments, while filter-based PM2.5 samples 
were simultaneously collected for detailed chemical characterization. 
All offline analyses, including organic and inorganic constituents in the 
particle phase, were performed by a centralized research team in South 
Korea using standardized protocols. Notably, comprehensive two- 
dimensional GC×GC-TOF MS profiling of 646 PAH compounds and 
QSAR-based ecotoxicity modeling were consistently applied across all 
samples. This integrated approach minimizes inter-laboratory vari
ability and significantly enhances the reliability and comparability of 
chemical and toxicological data across regions. These methodological 
and organizational strengths establish a novel and robust framework for 
region-specific air pollution assessment in Northeast Asia.

2. Materials and methods

2.1. Monitoring sites and sampling PM2.5

A simultaneous air quality monitoring campaign was conducted by 
the Fine Particle Research Initiative in East Asia Considering National 
Differences (FRIEND) project in three capital cities–Ulaanbaatar (UB) in 
Mongolia, Beijing (BJ) in China, and Seoul (SE) in Korea–across 
Northeast Asia from December 15, 2020, to January 14, 2021 (Fig. 1 A). 
The selection of UB, BJ, and SE was based on their status as the capital 
cities of Mongolia, China, and South Korea, respectively, where air 
pollution has become one of the most critical environmental concerns. 
Each city is regarded as a representative urban center experiencing se
vere PM2.5-related issues within its national context, despite observable 
improvements in air quality in recent years attributable to the imple
mentation of targeted pollution control policies [33,34]. Furthermore, 
the three cities are all geographically located along the prevailing 
westerlies, which dominate the regional atmospheric transport patterns 
in Northeast Asia. This alignment would support the investigation of not 
only localized emissions but also the influence of long-range trans
boundary pollution. To ensure environmental comparability, all sam
pling sites were located in central urban zones near residential areas and 
major roadways (within 30–500 m), and at similar elevations (e.g., 
rooftops or upper floors of university buildings), minimizing potential 
site-related biases.

PM2.5 samples were collected daily over 23-hour periods using high- 
volume air samplers (models HV-1000R and HV-RW, SIBATA, Tokyo, 
Japan) at a flow rate of 1000 L min− 1, utilizing prebaked quartz mi
crofiber filters (8 ×10 in., Pallflex Tissuequartz™, Pall Corporation, 
New York, USA). Sampling in UB was conducted on the rooftop of the 
main building of the National University of Mongolia (NUM), located at 
47.55◦N, 106.55◦E, in the eastern sector of the city’s central urban area 
[34]. The sampling site in BJ was established on the fourth floor of a 
building within the Changping campus of Peking University, China. This 
location is situated at coordinates 40.25◦N, 116.19◦E and approximately 
500 m away from the major urban thoroughfares [22]. Sampling in SE 
was conducted at an intensive air quality monitoring site in the metro
politan area, located at coordinates 37.61◦N, 126.93◦E, approximately 
30 m away from busy urban roads [35].

The PM2.5 mass concentrations of the samples collected from the 
three regions were continually analyzed using a β-ray absorption tech
nique [36]. After collection, the filters were stored in a − 20◦C freezer 

Fig. 1. (A) Geographical locations of the sampling sites and (B) daily averaged PM2.5 concentrations during winter across three megacities in Northeast Asia. 
Observations were conducted from December 15, 2020, to January 14, 2021. Sampling sites include Ulaanbaatar (UB, navy square), Beijing (BJ, orange triangle), 
Seoul (SE, sky-blue circle). Haze episode days were identified based on days with elevated PM2.5 concentrations across all three cities. In panel (B), dashed lines 
represent the daily PM2.5 concentrations, and the overlaid symbols indicate the specific haze-episode days on which GC×GC-TOF MS analyses were performed for 
each city.
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prior to analysis. A portion (10 cm²) of the total filter area (516 cm²) was 
used for the extraction of PAH compounds from the PM2.5 samples. 
During the observation period, comprehensive meteorological condi
tions including temperature (Temp) and relative humidity (%RH) were 
recorded at each sampling site. Additionally, the concentrations of 
various air quality parameters were monitored, including PM2.5, gaseous 
species [i.e., ozone (O3), carbon monoxide (CO), nitric oxide (NO), and 
sulfur dioxide (SO2)], particulate ions [i.e., ammonium (NH4

+), nitrate 
(NO3

- ), and sulfate (SO4
2-)], and organic components [i.e., organic carbon 

(OC) and elemental carbon (EC)], as described previously [37]. The 
chemical attributes, including PM2.5 mass concentration and environ
mental variables, are summarized in Supplementary Data Sheet 1.

Although the monitoring period overlapped with the COVID-19 
pandemic, particularly during a time of reduced traffic and industrial 
activity, we took this into account by integrating multiple lines of evi
dence. The analysis of air mass back trajectories, meteorological data, 
and chemical composition—particularly elevated levels of coal and 
biomass burning markers in UB—suggests that the observed PAH pro
files primarily reflect regional heating practices rather than short-term 
anthropogenic fluctuations. Moreover, this study was part of the 
FRIEND project, a multinational initiative led by South Korea to 
examine wintertime PM2.5 in Northeast Asia under synchronized 
monitoring conditions. Importantly, most offline chemical analyses 
were centrally performed by a specialized Korean research team, 
ensuring consistent data quality across the three cities.

2.2. Air mass transport analysis

The air mass backward trajectories 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 Administration (NOAA) 
and meteorological data from the Global Data Assimilation System 
(GDAS) of the National Centers for Environmental Information (NCEI) 
database [38]. The 72-hour backward air mass trajectories were 
computed in 3-hour intervals using the HYSPLIT model, with an 
endpoint height of 100 m above ground level at the receptor site, as 
described in previous studies [39,40]. In total, 704 air mass backward 
trajectories were obtained during the sampling periods (winter: 480; 
summer: 304). To categorize 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 trajectories [41,42]. All computation steps were performed 
in R using the openair packages [43,44].

2.3. GC×GC-TOF MS analysis and data processing

For the extraction of organic compounds (OCs), a portion of each 
quartz filter was immersed in a 3:1 (v/v) mixture of dichloromethane 
(DCM) and methanol (MeOH) and subjected to ultrasonic agitation. The 
resulting OC extracts were then filtered using a 0.45 μm PTFE syringe 
filter to remove insoluble materials, and the filtrates were dried under a 
gentle nitrogen stream. The dried samples were then dissolved in 
toluene for high-resolution two-dimensional gas chromatography time- 
of-flight mass spectrometric (GC×GC-TOF MS) analysis, as described 
previously [45].

The extracts were analyzed using a GC×GC-TOF MS system (LECO 
Pegasus 4D, Saint Joseph, MI) coupled with an Agilent 7890 A gas 
chromatograph equipped with a thermal modulator between the pri
mary and secondary columns, with minor modifications to the previ
ously described method [45–47]. Briefly, a 1 μL aliquot of the sample 
was injected in splitless mode, with the inlet temperature maintained at 
250◦C. Separation was performed using helium as the carrier gas at a 
constant flow rate of 1.2 mL min− 1, employing a Rxi-PAH column (30 m 
× 0.25 mm ID × 0.10 μm film; Restek, Bellefonte, PA) as the first column 
and a Rxi-17SilMS column (2 m × 0.25 mm ID × 0.25 μm film; Restek) 

as the second. The primary oven was programmed to hold at 60◦C for 
2 min, then ramped at 4◦C min− 1 to 300◦C, and held for 10 min. A 
modulation period of 8 s was used, with the modulator temperature set 
at + 25◦C relative to the secondary oven, and the secondary oven at 
+ 15◦C relative to the primary. The transfer line and electron impact 
(EI) ionization source were maintained at 250◦C. Data acquisition was 
performed at a rate of 100 spectra per second, collecting within a mass 
range of m/z 35–520.

Data analysis was performed using LECO’s ChromaTOF software 
(version 5.10), with compound identifications conducted by comparing 
EI mass spectral patterns with those in the Wiley and NIST libraries. 
Following the library search, compound identifications were based on 
the Similarity and Probability scores of the top 10 hits to determine the 
most probable compounds. The identification was further confirmed by 
using high-resolution data of molecular ion peaks within an accuracy of 
5 ppm. Quantification was based on calibration curves constructed for 
18 major PAHs within the range of 0.15–10 ppm, using the peak area 
ratio of each analyte to its internal standard.

To ensure analytical accuracy and precision, method validation and 
quality control procedures were implemented, as described previously 
[46]. Method detection limits (MDLs) and limits of quantification 
(LOQs) were determined for the 18 target PAHs based on signal-to-noise 
ratios of 3 and 10, respectively, and are presented in Table S1. Accuracy 
and precision were evaluated by spiking blank quartz filters (n = 3) with 
five deuterium-labeled PAH standards, including phenanthrene-d10, 
fluoranthene-d10, chrysene-d12, perylene-d12, and benzo[ghi] 
perylene-d12, and processing them identically to the field samples. 
The average recovery of these labeled standards was 100 %, ranging 
from 97 % to 105 %, with relative standard deviations (RSDs) between 
1.5 % and 3.8 %. These results confirm the reliability of the extraction 
and quantification procedures. For non-targeted PAHs, qualitative 
identification was performed by EI mass spectral matching against NIST 
and Wiley libraries, and further validated using high-resolution molec
ular ion confirmation within ± 5 ppm mass accuracy.

2.4. Ecotoxicity assessment of identified PAHs

To assess the ecotoxicity of the identified PAH profiles, an integrated 
approach combining existing databases (i.e., US EPA ECOTOX database, 
https://cfpub.epa.gov/ecotox) and predictive modeling tools was uti
lized. When no data was available in the database, acute toxicity (lethal 
concentration 50, LC50) was predicted using OECD QSAR Toolbox 
(version 4.7.1) [48]. The methodology, based on Yordanova et al. [49], 
included input, profiling, data gathering, categorization, and gap filling. 
CAS numbers and SMILES codes of the identified PAHs were input into 
the QSAR Toolbox, and profiling was performed using its compound 
database. Aquatic toxicity endpoints, specifically LC50 values for mor
tality in Pimephales promelas (fathead minnow), were prioritized, and 
high-quality ecotoxicity data from the USEPA Duluth mortality database 
[50] were used for validation. For unknown components, 
structure-based predictions were iteratively refined using structural and 
mechanistic profilers to enhance consistency. Acute 96-hour toxicity 
predictions, focusing on LC50 values for Pimephales promelas, were 
generated to assess the potential ecological risks systematically. This 
comprehensive workflow integrates high-resolution profiling, database 
validation, and advanced predictive modeling, providing critical in
sights into the toxicity of known and unknown PAH compounds while 
informing targeted strategies for regional air quality management.

3. Results and discussion

3.1. Environmental characteristics of three capital cities in Northeast Asia 
during Winter of 2020

PM2.5 concentrations varied significantly among the three cities, 
with UB recording the highest levels (85.7 ± 36.7 μg m− 3), followed by 

M.S. Kim et al.                                                                                                                                                                                                                                  Journal of Hazardous Materials 494 (2025) 138536 

4 

https://cfpub.epa.gov/ecotox


BJ (30.3 ± 16.9 μg m− 3) and SE (26.0 ± 14.4 μg m− 3) (Fig. 1B). Daily 
PM2.5 trends in BJ and SE showed overlapping haze episodes, which we 
attribute to shared regional-scale meteorological conditions. Although 
the timing of peak concentrations may differ slightly due to the 
geographic separation, both cities were frequently affected by similar air 
masses during haze episodes. Haze episodes, defined as days with daily 
mean PM2.5 concentrations exceeding 35 μg m− 3, were identified during 
three key periods: December 21–23, December 26–28, 2020, and 
January 11–13, 2021.

As shown in Figure S1, UB’s severe winter conditions, with average 
temperatures of − 22.3◦C, likely drove the intensive use of household 
heating, particularly in coal-burning stoves [51], contributing to 
elevated emissions of primary combustion pollutants such as carbon 
monoxide (CO, 1541 ppb), nitrogen monoxide (NO, 58.1 ppb), and 
sulfur dioxide (SO2, 71.0 ppb). In contrast, BJ (453 ppb for CO and 1.1 
ppb for SO₂) and SE (369 ppb for CO and 1.0 ppb for SO₂) recorded 
significantly lower levels of these pollutants, particularly carbon mon
oxide and sulfur dioxide, which are indicative of incomplete combustion 
and sulfur-rich fuel use, respectively. These differences reflect variations 
in fuel types and heating systems, with BJ and SE relying less on raw coal 
and more on cleaner and regulated energy sources. Meteorological 
factors also varied, with UB exhibiting the highest relative humidity 
(RH, 63.6 ± 3.5 %), which may have enhanced particle-phase reactions 
and influenced the chemical composition of PM2.5 [52,53].

Particulate ion composition further highlighted regional differences. 
UB displayed the highest sulfate (SO4

2-) levels (7.81 μg m− 3), linked to 
coal-fired power plants and household stove use [54–56], whereas BJ 
and SE showed higher nitrate (NO3⁻) levels, reflecting traffic emissions 
and secondary aerosol formation [57,58]. UB also exhibited the highest 
organic carbon (OC, 42.9 μg m− 3) and elemental carbon (EC, 
1.5 μg m− 3) levels, suggesting dominant contributions from organic-rich 
combustion sources. In contrast, BJ and SE had higher fractions of 
inorganic salts, consistent with urbanized and industrialized emission 
profiles [59,60].

3.2. Air mass transport history analysis in three capital cities

Air mass transport patterns played a pivotal role in influencing haze 

episodes and pollutant characteristics across the three cities. The Hybrid 
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was 
used to estimate the air mass trajectories, allowing for accurate assess
ment of long-range pollutant transport. Although daily PM2.5 trends in 
BJ and SE showed temporal offsets due to geographical distance, our 
HYSPLIT backward trajectory analysis (Fig. 2) suggests that both cities 
were frequently influenced by similar regional air masses during haze 
episodes, supporting the notion of common transboundary transport 
mechanisms under shared synoptic-scale meteorological conditions. 
However, it is important to note that HYSPLIT modeling may have 
limitations under complex meteorological conditions, such as rapidly 
changing wind patterns or localized atmospheric inversions.

UB was primarily affected by fast-moving northwest air masses 
originating from the Altai Mountains (C1 in Fig. 2A), which carried 
relatively clean air but, combined with the city’s valley geography and 
frequent thermal inversions, trapped locally emitted pollutants near the 
surface [61–63]. This unique combination of transport patterns and 
geographical factors exacerbated PM2.5 levels during haze episodes. BJ’s 
air mass transport history was more complex, with a significant influ
ence from fast-moving air masses originating in the Gobi Desert and 
northern China (C2 and C1 clusters in Fig. 2B). These air masses carried 
mineral dust, contributing to particulate pollution. Additionally, local 
emissions from industrial activities and traffic further amplified pollu
tion levels during haze episodes. SE, on the other hand, experienced 
slow-moving westward air masses traversing the North China Plain and 
the Yellow Sea (C3 in Fig. 2C). This prolonged transport path likely 
facilitated the accumulation of secondary pollutants, contributing to 
elevated PM2.5 levels during specific episodes. These findings under
score the importance of regional air mass dynamics in shaping pollution 
characteristics. The interplay between transport patterns and local 
emissions highlights the need for region-specific strategies to mitigate 
air pollution.

3.3. Comprehensive PAH profiles in three capital cities

The total PAH concentrations in PM2.5 exhibited significant regional 
variability across the three capital cities, as shown in Fig. 3B. UB 
recorded the highest PAH burden (758.9 ± 224.7 ng m⁻³), substantially 

Fig. 2. Cluster analysis of air mass back-trajectories arriving at each sampling site during winter 2020. The top panel (A-C) visualizes the back-trajectories, while the 
bottom panel (D-F) presents daily average PM2.5 concentrations, color-coded by the contribution rates of each cluster.
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exceeding concentrations observed in BJ (41.4 ± 18.4 ng m⁻³) and SE 
(6.2 ± 2.4 ng m⁻³). This pronounced disparity highlights the dominant 
influence of coal and biomass combustion in UB, where these fuels serve 
as primary energy sources for residential heating during winter [34]. 
This conclusion is further supported by the compositional characteristics 
of PAHs: UB exhibited a higher proportion of alkylated and 
sulfur-containing PAHs, which are indicative of direct emissions from 
raw coal and low-temperature combustion processes. In contrast, BJ and 
SE showed relatively lower total PAH concentrations but a greater share 
of OPAHs, such as anthraquinones and hydroxylated derivatives, sug
gesting enhanced atmospheric transformation processes under more 
oxidizing conditions. These differences in molecular composition align 
with each city’s distinct energy use profiles and regulatory environ
ments, and strengthen the interpretation of source contributions beyond 
mere concentration differences.

Comprehensive GC×GC-TOF MS analysis identified a total of 646 
PAH compounds across the three cities. The corresponding chromato
grams (Figure S2A-C) further corroborate these regional differences, 
revealing a substantially more diverse and intense PAH profile in UB 
compared to BJ and SE. Additionally, a Venn diagram (Figure S2D) il
lustrates the distribution of PAH species detected on event days, with 
113 compounds common across all sites and 205, 138, and 32 region- 
specific PAH compounds uniquely identified in UB, BJ, and SE, respec
tively. Notably, region-specific PAH compounds accounted for 27.6 %, 
18.8 %, and 18.6 % of the total PAH burden in UB, BJ, and SE, respec
tively, based on intensity-weighted data (Figure S3). Detailed informa
tion on the identified PAHs is summarized in Supplementary Data Sheets 
2–5.

Figure S4 illustrates the compositional variations in PAH compounds 
detected across UB, BJ, and SE, categorized by ring structure (A) and 
PAH type (B). The comparison includes all detected PAHs (Total) and 
region-specific compounds (Region-specific). As shown in Figure S4A, 
when considering all PAHs identified in each of the three cities, there are 
no substantial differences in the overall distribution of PAH ring struc
tures. However, a distinct divergence emerges in the composition of 
region-specific PAH compounds. Notably, in UB, 2-ring and 3-ring PAHs 
collectively constitute 66.8 % of the region-specific PAH burden (30.7 % 
and 36.1 %, respectively), whereas their proportions are significantly 
lower in BJ (27.5 % and 31.9 %, totaling 59.4 %) and SE (6.3 % and 
43.8 %, totaling 50.1 %) (see Table S2). In contrast, high-molecular- 
weight PAHs (5- and 6-ring structures) account for a larger fraction in 
SE (15.6 % for 5-ring), compared to UB (6.8 %) and BJ (15.2 %), sug
gesting distinct emission sources and atmospheric transformation pro
cesses influencing the regional PAH profiles. Similarly, Figure S4B

highlights more pronounced differences in PAH type distributions when 
considering region-specific compounds. While the overall PAH type 
composition remains relatively similar across the three cities for all 
detected compounds, region-specific PAHs exhibit distinct trends. The 
relative abundance of OPAHs is substantially higher in SE (62.5 %) 
compared to UB (12.7 %) and BJ (42.8 %), indicating a greater influence 
of secondary atmospheric oxidation processes. Conversely, UB exhibits 
the highest fraction of reduced PAHs (RPAHs) at 48.8 %, reinforcing the 
dominant contribution of direct combustion sources (see Table S3). 
These findings indicate that region-specific PAH signatures offer valu
able insights into localized emission characteristics and transformation 
pathways. Therefore, these findings prompted a closer examination of 
region-specific PAH compounds to better understand the factors driving 
their compositional variability across the three cities.

3.4. Region-specific characteristics of PAH compounds

Fig. 4 further illustrates regional differences in PAH composition, 
focusing on the relationship between PAH types and their respective 
aromatic ring structures. In UB, the dominance of low-molecular-weight 
PAHs with two to three rings aligns with the widespread use of coal for 
household heating, which releases large amounts of incomplete com
bustion products. These PAHs, such as methylated naphthalenes and 
phenanthrenes, are indicative of coal-derived emissions. In contrast, BJ 
exhibited a higher fraction of four-ring PAHs, including pyrene and 
fluoranthene, which are commonly associated with vehicular exhaust 
and industrial combustion. SE, on the other hand, showed an even 
higher contribution of five- and six-ring PAHs, such as benzo[a]pyrene 
and indeno[1,2,3-cd]pyrene, reflecting the influence of gasoline and 
diesel combustion as dominant PAH sources.

Additionally, Fig. 4 reveals differences in PAH types across the three 
cities. UB had a significantly larger proportion of methylated PAHs, 
reinforcing the contribution of coal combustion, where alkylated PAHs 
are common byproducts. The sampling period overlapped with the 
COVID-19 pandemic, during which vehicular traffic and industrial ac
tivities were markedly reduced, especially in BJ and SE. Despite the 
overall decline in primary anthropogenic emissions, both cities exhibi
ted a relative increase in oxygenated and nitrogen-containing PAHs 
(OPAHs and NPAHs), suggesting that atmospheric transformation pro
cesses remained active, and potentially intensified, due to altered 
photochemical oxidant levels and precursor availability. These findings 
indicate that even during periods of reduced human activity, the pre
vailing energy infrastructure and atmospheric reactivity play critical 
roles in shaping PAH transformation and toxicity profiles. While UB’s 

Fig. 3. Comparison of PM2.5 mass concentrations and total PAH concentrations observed during haze episodes at the sampling sites.
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PAH composition remains strongly influenced by direct primary emis
sions, BJ and SE appear more susceptible to secondary transformation 
processes that chemically modify PAHs after emission.

The pandemic-induced reduction in emissions provided a unique 
opportunity to investigate how decreased primary emissions reshape the 
chemical composition of urban air pollution. The contrasting pat
terns—namely, the increase in transformation-derived PAHs in BJ and 
SE versus the continued dominance of coal combustion products in 
UB—highlight the influence of local infrastructure and atmospheric 
chemistry on pollutant profiles under atypical emission scenarios.

These findings underscore the importance of considering both total 
and region-specific PAH distributions when assessing urban air pollu
tion. While general PAH profiles may appear similar across cities, the 
composition of region-specific PAHs provides critical insights into local 
emission sources and atmospheric transformation processes. UB’s 
pollution is largely driven by coal combustion, requiring targeted con
trols on solid fuel use, while BJ and SE exhibit more complex emission 
profiles, necessitating mitigation strategies that address both primary 
emissions and secondary PAH formation.

To further interpret these region-specific patterns, source appor
tionment models could have provided quantitative insights. However, 
receptor models such as Positive Matrix Factorization (PMF) and 
Chemical Mass Balance (CMB), which are widely employed for such 
purposes, were not applicable in this study due to the nature of the 
dataset. The GC×GC-TOF MS analysis identified a large number of 
known and unknown PAH compounds, including alkylated, nitrogen-, 
and sulfur-containing derivatives, many of which lack standardized 
source profiles and emission factors essential for receptor modeling. 
Additionally, the identification confidence for several newly detected 
species does not meet the quantitative criteria required for reliable 
model input. Given these constraints, we focused on compositional 
patterns and diagnostic ratios to qualitatively infer potential emission 
sources. Future studies would benefit from the integration of receptor 
modeling techniques once more comprehensive and validated source 
profiles for emerging PAH compounds become available.

Overall, this study offers novel insights by capturing both the 
molecular-level diversity of PAHs across regions and the dynamic 
interplay between emission regimes and atmospheric processes under 
pandemic-modified environmental conditions. These findings provide a 
critical foundation for the development of adaptive air quality man
agement strategies that remain effective in the face of evolving emission 
patterns and anthropogenic activity.

3.5. Structure-toxicity relationship and ecotoxicity distribution of PAH 
compounds

To comprehensively assess the ecotoxicity of PAH compounds, we 
employed QSAR modeling to predict LC50 values for compounds lacking 
experimental toxicity data. The structure-toxicity relationship was 
analyzed by considering the influence of aromatic ring size, functional 
group modifications, and regional emission characteristics across 
different urban regions. This approach enabled a broader toxicity 
assessment of both common and region-specific PAHs, including lesser- 
known derivatives not covered by traditional toxicological studies.

A clear trend emerged wherein an increase in aromatic ring size 
corresponded to enhanced toxicity. As summarized in Table 1, for 
example, naphthalene (2-rings, LC50: 20.0 μM) exhibited significantly 
lower toxicity than benzo[a]pyrene (5-rings, LC50: 0.0017 μM). This 
pattern aligns with prior findings that high-molecular-weight PAHs 
exhibit increased lipophilicity, facilitating bioaccumulation and cellular 
membrane permeability, and ultimately amplifying toxic effects in 
aquatic organisms [19]. Toxicity predictions were derived using the 
OECD QSAR Toolbox (version 4.7.1), a platform encompassing more 
than 944,000 aquatic toxicity data points across over 37,000 unique 
chemicals, including a wide array of PAH compounds. The toolbox 
enabled robust interpolation and read-across from structurally similar 
analogs, providing high-confidence LC50 estimates. Notably, 
well-characterized PAHs such as benzo[a]pyrene, fluoranthene, and 
phenanthrene are extensively represented in the Toolbox, further 
strengthening the validity of our modeled predictions. These 
QSAR-based estimates are thus grounded in an extensive empirical 
foundation and enhance the ecological relevance of our toxicity 
assessments.

Functional group modifications further modulated toxicity in a 
compound-specific manner. Methylation generally enhanced toxicity, as 
observed in 1-methylnaphthalene (LC50: 1.2 μM) compared to naph
thalene (LC50: 20.0 μM), and 3-methylphenanthrene (LC50: 1.4 μM) 
compared to phenanthrene (LC50: 5.0 μM). In contrast, hydroxylation 
(-OH) and carbonylation (-C––O) demonstrated non-uniform effects, 
with some derivatives exhibiting reduced toxicity (e.g., 1,6-pyrene
dione, LC50: 3.8 μM), while others maintained or slightly increased 
toxicity (e.g., 1-naphthol, LC50: 11.8 μM). These results suggest that 
while molecular size largely governs toxicity, functionalization can 
further modulate these effects in a compound-specific manner.

Beyond classical PAHs and their functionalized analogues, 
heteroatom-containing PAHs such as nitrogen-containing (NPAHs) and 
sulfur-containing PAHs (SPAHs), exhibited distinct toxicity patterns (see 
Table S4). Notably, benzo[b]naphtho[2,3-d]thiophene (LC50: 
0.1387 μM) showed toxicity comparable to high-molecular-weight 

Fig. 4. Double donut charts depicting the relationship between PAH types and their respective aromatic ring structures, categorized by region (UB, BJ, and SE).
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PAHs, underscoring the strong impact of sulfur substitution. The effect 
of methylation on SPAHs differed from that observed in other compound 
classes; for instance, both 6-methylbenzo[b]naphtho[2,3-d]thiophene 
(LC50: 0.83 μM) and 4-methyldibenzothiophene (LC50: 4.9 μM) 
exhibited reduced toxicity relative to their respective parent com
pounds. These observations emphasize the need to consider both mo
lecular complexity and substitution patterns when evaluating PAH 
ecotoxicity.

To identify localized toxicity risks, we compared region-specific PAH 
compositions across three urban areas—UB, BJ, and SE—starting with 
UB, which exhibited the most toxic profile (Fig. 5). Region-specific PAHs 
in UB showed a substantial proportion of 2–3 ring alkylated derivatives 
with high toxicity (log LC50: − 2 to − 1). These species are likely linked 
to coal combustion, compounded by limited atmospheric degradation 
due to cold temperatures and high organic carbon concentrations that 

enhance PAH persistence on particulate matter. Notably, alkylation 
increased the toxicity of low-molecular-weight PAHs in UB, suggesting 
that assessments based solely on total PAH concentrations may under
estimated health risks.

In contrast, BJ displayed an intermediate toxicity profile character
ized by a narrower log LC50 range and a larger proportion of common 
PAHs. Region-specific compounds included several methylated 3-ring 
species, such as anthracene and phenanthrene derivatives, which 
showed moderate toxicity. The composition of PAHs in BJ reflects a 
mixture of sources, including coal combustion, industrial activities, and 
vehicular emissions, resulting in a complex but less extreme toxicity 
distribution. SE exhibited the highest LC50 values overall, indicating the 
lowest ecotoxicological risk among the three cities. However, the 
abundance of hydroxylated PAHs—particularly hydroxyl (-OH) de
rivatives of OPAHs, which accounted for ~50 % of OPAHs detected in 

Table 1 
Structure-toxicity relationship of PAH scaffolds and functional group modifications.

Values marked with an asterisk (*) are not experimentally determined but predicted using QSAR modeling in this study.
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SE (Table S4)—raises concern. Hydroxylation has been associated with 
increased toxicity in certain lower-ring PAHs, as shown by QSAR pre
dictions and prior studies [64,65]. This suggests that while SE’s overall 
PAH mixture may appear less harmful, specific atmospheric trans
formation products could still pose significant localized risks.

Across all three cities, chemically modified 2–3 ring PAHs generally 
exhibited increased aquatic toxicity relative to their parent compounds, 
whereas structural modifications of 4–5 ring PAHs often led to reduced 
toxicity. This pattern corresponds to region-specific emission profiles 
and atmospheric transformation mechanisms. In UB, where low-ring 
PAHs from coal combustion dominate, functionalization processes (e. 
g., alkylation) tend to elevate toxicity. Meanwhile, in BJ and SE, higher 
emissions of 4–5 ring PAHs are more likely to undergo atmospheric 
aging and degradation, which often reduces toxicity via photolysis and 
phase partitioning.

Although human health risks from PAHs are strongly influenced by 
exposure concentrations and durations, this study focused on environ
mental toxicity due to limitations in available toxicological data. Among 
the 600 + PAH compounds detected, only a fraction has established 
carcinogenicity or inhalation toxicity profiles. In contrast, ecotoxicity 
data—particularly LC50 values—are more widely represented in data
bases and compatible with QSAR prediction tools. Therefore, we adop
ted an ecotoxicity-based framework to comparatively assess the 
environmental risks associated with region-specific PAH mixtures. 
While direct human health implications are beyond the scope of this 
work, the observed regional differences in toxicity profiles highlight the 
importance of localized monitoring and mitigation strategies, particu
larly for modified PAH derivatives that may exert elevated toxicological 
effects. Future research should aim to improve toxicity prediction 
models for functionalized PAHs and further evaluate their bioavail
ability and long-term ecological consequences.

4. Conclusions

This study provides a comprehensive characterization of PAH pro
files in winter PM2.5 across Ulaanbaatar (UB), Beijing (BJ), and Seoul 
(SE), revealing distinct regional differences in chemical composition, 

emission sources, and ecotoxicity. UB showed the highest PAH con
centrations, primarily from coal and biomass combustion, with a 
dominance of methylated alkyl and sulfur-containing species. In 
contrast, BJ and SE had higher proportions of oxygenated and nitrogen- 
containing PAHs, reflecting enhanced secondary atmospheric trans
formation influenced by urban emissions.

Ecotoxicity assessments also varied by region. UB exhibited the 
broadest range of ecological risks due to diverse primary sources, while 
SE showed the highest compound-specific toxicity, mainly from hy
droxylated PAHs linked to oxidative stress. These results underscore the 
need for region-specific air quality strategies: UB should transition from 
solid fuels to cleaner energy sources, while BJ and SE require stricter 
control of atmospheric precursors (e.g., NOx, VOCs, ozone) to mitigate 
toxic secondary PAH formation.

Our approach, combining targeted analysis of 18 validated PAHs 
with untargeted screening of 600 + compounds, enabled a more 
comprehensive evaluation of both conventional and emerging PAHs. 
While the targeted compounds provided a reference for risk assessment, 
the inclusion of region-specific derivatives (e.g., OPAHs, NPAHs, 
SPAHs) revealed more nuanced patterns of toxicity and transformation. 
This highlights the importance of expanding compound validation, 
improving spectral libraries, and developing detailed source profiles for 
robust receptor modeling.

Despite its scope, the study also points to remaining challenges. 
Many emerging PAHs lack toxicological data, and interactions with 
other atmospheric pollutants are not fully understood. Addressing these 
gaps through experimental toxicology and international collaboration is 
critical for informing evidence-based air quality policies. Overall, our 
findings provide important insights into the chemical diversity and 
health risks of urban PM2.5 and support the development of tailored 
strategies to reduce both the levels and toxicity of airborne PAHs in 
Northeast Asia.

Environmental implication

This study highlights significant regional disparities in polycyclic 
aromatic hydrocarbons (PAHs) within winter PM2.5 across Northeast 

Fig. 5. Raincloud plots comparing the lethal concentration 50 (LC50) values for common and region-specific PAHs across three capital cities (UB, BJ, and SE) based 
on QSAR predictions. Each panel represents PAHs (total PAHs, OPAHs, NPAHs, and SPAHs), with the upper density plot illustrating LC50 distribution weighted by 
the concentrations of individual PAH components. The central boxplots display the median and interquartile range of LC50 values, while the lower scatter and 
histogram indicate individual data points and their frequency distribution. Pie charts indicate the proportion of region-specific (blue) and common (gray) PAHs in 
each category for the respective regions.
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Asia. Ulaanbaatar faces heightened ecological risks due to coal 
combustion-derived PAHs, necessitating urgent energy source transi
tions. Beijing and Seoul, while exhibiting lower PAH levels, show 
increased toxicity from secondary atmospheric transformations. 
Tailored mitigation strategies—such as curbing primary emissions in 
Ulaanbaatar and reducing secondary pollutant formation in Beijing and 
Seoul—are critical to protecting public health. These findings under
score the need for region-specific air quality management to address 
both the quantity and toxicity of PAHs in urban environments.
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