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ABSTRACT In this study, major chemical components of PM, s including nitrate, sul-
fate, organic carbon (OC), and elemental carbon (EC) were measured in Chuncheon,
South Korea in May-June, 2021. Average PM, s concentration was 16.4%9.7 ug m™, and
OC was the largest contributor of PM, s mass concentration. High concentration episodes
(HCEs), defined when PM, s concentration exceeded 30 ug m™, were caused by Asian
dust, secondary inorganic aerosol (SIA) formation, and primary OC emission. NH,* was
determined to be a limiting factor for SIA formation based on neutralization ratio. There
was statistically significant correlation between n-alkanes and PM, s, and odd alkanes
including C27, C29, and C31, which are generally emitted from biogenic sources, were
abundant species, suggesting the importance of natural sources over fossil fuel combus-
tion. Polycyclic aromatic hydrocarbons (PAHs) concentrations were significantly lower
than those measured at the same sampling site in 2014-2015. Based on the diagnostic
ratios of PAHs, vehicular emission, rather than solid fuel emission, were significant for
PAHs. Detailed characterization of chemical composition of PM, s reported in this study
can be of great help in establishing an appropriate abatement policy to reduce PM, 5
concentrations.

KEY WORDS PM,;, Organic carbon, N-alkanes, Polycyclic aromatic hydrocarbon, Secondary
inorganic aerosol

1.INTRODUCTION

Particulate matter with aerodynamic diameter less than or equal to 2.5 ym
(PM, ;) adversely affects human health, causing various pulmonary and cardiovas-
cular diseases (Pun et al., 2017; Atkinson et al.,, 2014; Hoek et al., 2013; Dominici et
al,, 2006). In fact, PM, ; has been one of the most significant air pollutants in East
Asia for more than a decade. Its concentration in South Korea showed a decreasing
trend until 2012, and since then has become stagnant. The current annual national
ambient air quality standard of Korea is 15 ug m™, and the PM, ¢ concentrations
measured at most national air quality monitoring stations, regardless of urban area,
industrial city, or small residential city, exceed its national standard (NIER, 2022a),
and are more than 4 times higher than the WHO guideline (WHO, 2021). Many
studies have suggested that a large portion of PM, s in South Korea is affected by
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the long-range transport from China (Choi et al., 2022;
Byun et al., 2020; Lee et al., 2019); however, PM, ; con-
centrations in Korea have been stagnant since 2013,
whereas due to the stringent mitigation efforts, they were
dramatically reduced in eastern China from 2013 to
2019 (Li et al,, 2020; Zeng et al.,, 2019).

The various components that PM, ; is composed of
include ionic compounds, organic matter, elemental car-
bon, and metallic components, which are either emitted
from natural and anthropogenic sources, or formed sec-
ondarily via atmospheric reactions. Ionic compounds,
including (NH,),SO,, NH,HSO,, and NH,NO;, are
predominantly formed in atmosphere by gaseous precur-
sors, such as NH;, NOx, and SO,. Organic aerosol (OA),
a major component of PM, ;, consists of more than 1,000
individual organic components; OA can be divided into
primary organic aerosol (POA) directly emitted from
various sources, and secondary organic aerosols (SOA)
generated through various homogeneous and heteroge-
neous reactions with oxidants (Xing et al., 2019; Seinfeld
and Pandis, 2016; Tsimpidi et al,, 2010). Organic tracers
are generally divided into polar and nonpolar organic
compounds, and nonpolar organic compounds such
as alkanes and polycyclic hydrocarbons (PAHs) have
been studied for identifying primary emission sources.
N-alkanes are relatively stable and emitted from both
anthropogenic and biogenic sources (Zhang et al., 2021;
Kotianov4 et al., 2008). PAHs are mainly emitted from
incomplete combustion of liquid fuel such as gasoline
and diesel and solid fuels such as biomass and coal (Yan
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etal,2019).

This study was performed in a small-sized inland resi-
dential city, Chuncheon, South Korea. According to the
national emissions inventory, the emission rates of the
major air pollutants including PM, ; in this city are very
low compared with adjacent cities; however, PM, 5 con-
sistently showed similar or even higher concentrations
than in Seoul and other large cities (NIER, 2022b). To
identify the cause of high PM, ¢ concentrations, daily
PM, ; and its chemical constituents were measured from
May 14 to June 26, 2021. Detailed characterization of
chemical composition can be of great help in identifying
the possible sources and/or formation pathways of PM, g,
and in establishing an appropriate abatement policy.

2. METHODOLOGY

2.1 Site Description and Sampling

Samples of PM, ; were collected on the roof of a four-
story building of Kangwon National University (KNU)
in Chuncheon, South Korea (37°87'N; 127°74'E) (Fig.
1). Chuncheon is a medium-sized residential city with-
out large-scale anthropogenic sources, and is therefore
expected to be affected more by regional- or long-range
transport from the metropolitan and industrial areas
located in the northwestern part of South Korea (Fig. 1).
Samples of PM, ; were collected for 23 h from 10 am to 9
am the following day from May 15, 2021 to June 26,
2021. To quantify PM, ; mass concentration, a 47 mm
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Fig. 1. The sampling location of this study in South Korea (left) and an enlarged map around the sampling site in Chuncheon (right). The

nearest national air quality monitoring station was also indicated.
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PTFE membrane filter with supported polypropylene
ring (pore size of 2.0 ym, GVS, Italy) and a cyclone were
used in a PMS-204 sampler (APM Engineering, Bu-
cheon-si, Korea) at a flow rate of 16.7 L min™". Carbona-
ceous components were collected on a pre-baked 47 mm
quartz filter (pore size of 2.2 ym, Whatman, Maidstone,
UK) with a carbon denuder (Sunset Laboratory Inc.,
USA) and a cyclone at a flow rate of 16.7 L min™". High
volume air sampler (Hi-vol 3000, Ecotech, Australia) with
quartz filter (203.2 mm X 254 mm) was used to measure
organic compounds. For ionic compounds, a 47 mm
PTEE filter (pore size of 1.0 ym, GVS, Italy) was used
with a cyclone and two 3-channel annular denuders
(URG-2000-30x242-3CSS, URG Co., Chapel Hill, NC,
USA) at a flow rate of 10 L min". The annular denuder
was coated with citric acid solution (100 mL of etha-
nol + 1 g of citric acid + 1 g of glycerol) to remove acid
gases (SO,, HNO;, HNO,) and Na,COj solution (S0mL
of ethanol + 50 mL of ultrapure water + 1 g of Na,CO; +
1 g of glycerol) to remove NH,.

Inorganic and Nonpolar Organic Compounds of PM, 5

2.2 Chemical Analysis

The Teflon filter was stored under controlled condi-
tions of temperature (20°C) and RH (50%) for 24 h
before and after sampling, and was then weighed three
times using a microbalance (readability =107 g, CP
225D, Satorius, Germany) equipped with a static elimi-
nator (The Staticmaster 2U500, NRD, USA) to deter-
mine PM, ; mass concentration. To analyze ionic com-
pounds, the filters were extracted with 10 mL of ultra-
pure water in an ultrasonic extractor for 2 h. The extract
was filtered with 0.45 ym PTFE syringe filter, and analy-
zed with ion chromatography (Metrohm AG, Switzer-
land). For organic carbon (OC) and elemental carbon
(EC) analysis, 1.5 m* of quartz filter was analyzed using
the National Institute of Occupational Safety and Health
(NIOSH) method 5040 for thermal-optical analysis. The
detailed method can be found in other studies (Byun et
al., 2020; Park et al., 2018).

For nonpolar organic compounds, the collected filters
from high-volume air sampler were cut into pieces, and

Table 1. Internal standards used and the QA/QC results for PAHs and n-alkanes in this study.

Compounds r* Recovery (%) MDL (ng m™)
Penanthrene (Phe) 0.999 114 0.002
Anthracene (Ant) 0.998 63 0.003
Fluoranthene (Flt) 0.999 99 0.003
Pyrene (Pyr) 0.999 101 0.002
Benz[a]anthracene (BaA) 1.000 94 0.011

PAHs Chrysene (Chr) 0.998 96 0.009
Benzo[b]fluoranthene (BbF) 0.999 93 0.006
Benzo[k]fluoranthene (BKF) 0.999 94 0.007
Benzo[a]pyrene (BaP) 0.999 91 0.008
Indenol[1,2,3-cd]pyrene (IcdP) 0.998 94 0.003
Benzo[g,h,i]perylene (BghiP) 0.997 95 0.010
C20 (Eicosane) 0.997 108 0.002
C21 (Heneicosane) 0.999 77 0.002
C22 (Docosane) 0.999 94 0.008
C23 (Tricosane) 0.999 99 0.006
C24 (Tetracosane) 0.998 103 0.004
C25 (Pentacosane) 0.998 103 0.007
C26 (Hexacosane) 0.998 105 0.007

n-alkanes C27 (Heptacosane) 0.998 94 0.006
C28 (Octacosane) 0.998 92 0.009
C29 (Nonacosane) 1.000 81 0.008
C30 (Triacontane) 1.000 67 0.013
C31 (Hentriacontane) 0.999 99 0.010
C32 (Dotriacontane) 1.000 84 0.015
C33 (Tritriacontane) 0.999 70 0.013
C34 (Tetratriacontane) 0.999 62 0.010
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placed in amber glass vials containing S0 mL of dichloro-
methane (DCM, GC grade, Fisher chemical, USA)/
methanol (HPLC grade, Fisher chemical, USA) mixture
(3:1). After injecting internal standards into the vials,
the samples were extracted twice in an ultrasonicator for
30 min. The extracts were concentrated to 10 mL at 40°C
using N, (99.999% purity) gas evaporator (Turbo storm,
SCINCO, Korea), filtered by 0.45 um PTFE syringe filter
(Pall Corp., USA), and reduced to the final volume of 0.5
mL at room temperature using a N, (99.999%) concen-
trator. The GC-MS (GC 7890A/MSD 59975C, Agilent
Technologies, USA) was used for n-alkanes (C20-C34)
and 11 PAHs (Table 1). Table S1 of the Supplementary
Information (SI) describes the analysis condition of
GC-MS.

2.3 Quality Assurance and Quality Control
(QA/QC)

Calibration curve was obtained using 7 different con-
centrations of standard solutions, and r* was higher than
0.997 (Table 1) when using the internal standard tech-
nique (NIER, 2011). Acenaphthene-d10 and Pyrene-
d10 were used as internal standards for PAHs, while Pen-
tadecane-d32, Eicosane-d42, Tetracosane-d50, Dotriac-
ontane-d66, and Hexatricontane-d74 were used as inter-
nal standards for n-alkanes. Method detection limit
(MDL) was calculated as 3.14 times the standard devia-
tion by analyzing the standard solution 7 times. The
extraction recoveries for n-alkanes and PAHs were deter-
mined by spiking the standard solution in the blank filter,
and ranged (62 to 114)% (Table 1).

2.4 Meteorological Data and Other Pollutants
Meteorological data (temperature, wind speed, and rel-
ative humidity) were measured every S min using meteo-
rological equipment (Wireless Vantage Pro2 Weather Sta-
tion, Davis Instrument, Hayward, CA, USA) at the sam-
pling site. Meteorological data were measured every 5
min, but averaged to match the temporal resolution of
PM,  samples. It should be noted that there are possible
uncertainties caused by using different timescales for the
measurements of pollutants and for meteorological data.
Concentrations of PM,, and gaseous pollutants, includ-
ing O;, NO,, SO,, and CO, were observed from the near-
est national ambient air quality monitoring station, which
is located about 1.5 km distance from the sampling site

(Fig. 1).
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3.RESULTS AND DISCUSSION

3.1 Characterization of High-concentration
Episodes

Average PM, 5 concentration was (16.4+9.7) ug m™,
and OC showed the highest concentration (3.2 ug m™),
contributing about 20% of total PM, s mass. The SO,*
was higher than NOj;’, probably because of active photo-
chemical sulfur oxidation in the warm season (Zhou et
al., 2016; Gao et al,, 2011). The PM, 5 was better corre-
lated with carbonaceous compounds (r* =0.65 with
OC and 0.72 with EC) than with ionic compounds (r* =
0.47-0.59) (Fig. 2). Average OC/EC ratio of 10.3 was
much higher than the values reported in previous studies
in South Korea (Choi et al., 2021; Park et al., 2021; Yu
and Park, 2021), indicating that the portion of second-
ary OC was significant in this season. Since aged organic
matter and secondarily formed organic matter contain
more oxygen, which is not analyzed by thermal-optical
analysis (Martinez et al., 2012; Turpin and Lim, 2001),
organic matter estimated from OC concentration is likely
to significantly contribute to PM, ; mass in this city.

In this study, a high concentration episode (HCE)
was defined when the measured PM, ; concentrations
exceeded 30 ug m™>. Four HCEs occurred during the
study period, and a summary of measured data for the
HCEs is presented in Table S2. The HCE1, HCE3, and
HCE4 showed higher wind speed than the average WS of
non-HCEs (Fig. 3), possibly indicating that atmospheric
stagnation was not an important factor causing these
HCEs. Asian dust event appeared on HCE1, and PM, ;/
PM,, ratio was only 33%, indicating that crustal elements
were dominant in the coarse mode. For HCE1, Ca’t and
Mg** concentrations were dramatically enhanced (9.2
times and 4 times higher than the average for Ca** and
Mg**, respectively), but SO,*” and NH,* showed even
lower concentrations than for non-HCEs (Fig. 3). Increa-
sed NO;™ and OC concentrations for HCE1 (Fig. 3)
were probably derived from crustal sources (Lee et al.,
2014). The ¥n-alkane also showed the highest concen-
tration in HCE1 (Fig. 3), suggesting that soil resuspen-
sion affected these non-polar organic compounds, as
found in previous research efforts (Alves et al., 2016).
The YPAHs in HCE1 was higher than in non-HCE, and
CHR and BKF, known as the major PAHs in temperate
soil (Wilcke, 2000), increased the most (2.0 and 2.3
times higher for HCE1 than the average during the entire
sampling period).
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Fig. 2. Daily variation of PM, s and its major chemical constituents. The four high concentration events (HCEs) of PM, g are indicated as
thick yellow lines. The red dashed line in the top panel indicates the 24-h national ambient air quality standard (NAAQS) of Korea.

On the other hand, low wind speed (WS) and high rela-
tive humidity (RH) were observed for HCE2 (Fig. 3),
providing suitable aqueous heterogeneous reactions.
Both HCE2 and HCE4 showed significantly increased
ionic constituents, but NO;~ of HCE2 did not increase as
much as that of HCE4, while SO,*” and NH," were dra-
matically enhanced for both HCE2 and HCE4. The reac-
tion rate of NO, with OH is an order of magnitude great-
er than that of SO, with OH (Ma et al., 2021; Seinfeld

and Pandis, 2016), while heterogeneous chemistry was
frequently found to be more important than gas-phase
oxidation for the SO,*” formation mechanism (Zheng et
al, 2015). High RH and low WS observed for the HCE2
possibly suggested that aqueous reactions played more
important roles in SO,>” formation than in NO;” forma-
tion at this site. In the meantime, HCE4 showed largest
increases on NO;~, SO,*", and NH,", as well as on gas-
eous O; concentration; therefore, gas-phase oxidation
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Fig. 3. PM, ; component characteristics with wind speed and relative humidity for each HCE event. O, concentrations were obtained from

the nearest national ambient air monitoring station.

mechanisms were significant, as O; is predominantly pro-
duced via a series of gas-phase reactions (Sun et al.,, 2011),
which is also supported by the significant negative corre-
lation between RH and O, observed in this study (Pear-
son r=0.47, p-value <0.001). The OC also significantly
increased for both HCE2 and HCE4, but the relative
increment rate in OC to EC concentrations was large for
HCE2, compared with HCE4 (Fig. 3), suggesting that
secondary OC formation was likely to be more important
for HCE2 than for HCE4. The PM, ;/PM, ratios for
both HCE2 (88%) and HCE4 (94%) were also very high,
supporting the importance of secondary aerosol forma-

6 www.asianjae.org

tion. On the other hand, in HCE3, the concentrations of
ionic constituents were rather reduced, while OC and EC
increased about 1.5 and 1.9 times the average concentra-
tions of non-HCEs (Fig. 3), suggesting that the primary
sources emitting carbonaceous compounds played an
important role in enhancing PM, 5 concentration. Varia-
tion of YPAHs from HCE2 to HCE4 was similar to EC
variation (Fig. 3).

To identify the possible source areas, backward trajec-
tories for the top 10% of PM, ; were compared with those
for the bottom 10% of PM, ;. Back-trajectories associated
with the top 10% of PM, s were clearly distinct from



those of the bottom 10% of PM, s, showing that high
PM, s samples originated from northeastern China, and
passed through the western metropolitan area and indus-
trial areas of Korea (Fig. S1 of the SI).

3.2 Characteristics of Ionic Compounds
The highest average concentration among PM, g ionic
constituents was shown by SO,*” (1.8 ug m™), followed
by NO;™ (0.9 ug m™) and NH," (0.8 yg m™*). The neu-
tralization ratio (NR) was calculated to describe the aero-
sol acidity:
[NH,"]

5077+ (N0, W

where, concentrations are in equivalents. The [NH,"]
and [SO,*"] 4 [NO;] were highly correlated with each
other, indicating that most ionic compounds existed as
NH,NO, and (NH,),SO, (Fig. 4a). Average NR was
(0.72£0.26), indicating slightly acidic aerosols (Fig 4a).
To investigate the degree of neutralization of secondary
inorganic aerosol (SIA), NR was plotted according to the
NH," concentration (Fig. 4b). When NH," exceeded
about 50 nmole m~, the NR appeared constant around
1, and SIA was completely neutralized. In other cases,
NR almost linearly increased as NH," increased, possi-
bly indicating that NH; was the limiting factor for SIA
formation in this study. The HCE2 and HCE4, where
SIA concentration was significantly enhanced (Fig. 3),
showed the highest NR values (1.04 and 1.01, respective-
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ly) over the entire period, suggesting that NH; was likely
to cause high PM, ¢ concentrations.

The PM, ; component that increased the most during
HCEs appeared to be NO;™ on average. To identify the
influence of NO, and SO, on NO,™ and SO,*” forma-
tions, respectively, the sulfur oxidation ratio (SOR) and
the nitrogen oxidation ratio (NOR) were calculated:

[SO]
SOR=————+ - (2)
[50,7]+[S0,]
po_ NOTT 3)

[NO;™] +[NO,]

where, [SO,*7], [SO,], [NO;], and [NO,] refer to the
molar concentrations. In this study, SOR considers only
the aerosol fraction since H,SO, was not measured, but
HNO, was considered for the total [NO,;”] (T-NO;") in
NOR. The average SOR (of 0.20 £ 0.10) was higher than
the average NOR (of 0.08 £ 0.04), but the NOR and the
SOR during HCEs increased about 2.3 and 1.5 times,
compared to those during non-HCEs, respectively. To
determine whether the gaseous precursors of NO, and
SO, were oxidized to form SIA, the correlation between
NO, and T-NO; and between SO, and SO,*” were
investigated. Both regressions were significant (p-val-
ues <0.001), but the r* was much higher between NO,
and T-NO;~ than between SO, and SO,*” (please note
that one outlier, indicated as red point in Fig. S, was exclu-
ded for the regression between NO, and T-NO;"). These
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Fig. 4. Correlation between the molar concentrations of [NH,*] and 2[SO,*"] + [NO;] (left), and the change of NR ratio according to

+ .
NH," concentration.
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results possibly indicate that in situ oxidation of NO,
and/or gas-aerosol partitioning for HNO; and NO;”
occurred, even in the relatively warm season.

3.3 Nonpolar Organic Compounds

N-alkanes are common organic compounds in PM, ,
emitted from both anthropogenic and natural sources
(Rogge et al.,, 1993; Simoneit, 1986). In this study, aver-
age Yn-alkane concentration was (24.5+11.0) ng m™>,
and there was relatively strong correlation between Yn-
alkane and PM, s concentrations (Pearson r=0.47). The
average concentrations of ¥n-alkane were 14.0+10.3 ng
m™ and 53.7+35.0 ng m™ at the background site (An-
myeon Island) (Kim et al., 2018) and in Seoul (Lee ¢t al,,
2015), respectively, indicating that the Yn-alkane con-
centrations reported in this study were relatively higher
than in Anmyeon Island and lower than in Seoul. The
C29 (n-nonacosane) and C31 (n-hentriacontane) were
the most abundant species with the largest coefficient of
variation (standard deviation divided arithmetic mean)
(Fig. 6). Previous studies suggested that high carbon
numbers generally appear from biogenic sources, includ-
ing plant wax and bacteria, while low carbon numbers
indicate a large contribution from fossil fuel combustion
(Sun et al., 2021; Chen et al., 2014; Feng et al., 2006).
Other research shows that C,,,, ranges (C18 to C22)
for petrol vehicles, and is C21 for diesel vehicles (Zhang
et al., 2021). In this study, the relative concentration of
C20-C23 was lower than the higher molecular weight
alkanes (Fig. 6), indicating that fossil fuel combustion
was not important. The carbon preference index (CPI,
Eq. (8)) has often been used to identify the alkanes from
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natural emissions from the alkanes from anthropogenic
emissions, because odd alkanes, rather than even alkanes,
were preferred for biogenic sources.

Y total odd number of carbons

PI= (4)

¥ total even number of carbons

When CPI s close to 1, n-alkanes are mainly from anth-
ropogenic sources, such as fossil fuel combustion and bio-
mass burning, because the emission distribution of even
and odd alkanes from these sources is not selective (Gao
et al., 2022; Choi et al., 2012). When 1< CPI<3,
n-alkanes are influenced by both biogenic and anthropo-
genic sources, and a higher CPI indicates a higher effect
of biogenic sources (Feng et al., 2021). In this study, odd
alkanes generally showed higher abundance than even
alkanes (Fig. 6), suggesting the importance of biogenic
sources over fossil fuel combustion. Average CPI value
was (1.73 £0.92) with relatively large variation, ranging
(0.57 to 3.99), and the two maximum CPIs were obser-
ved on May 24 and May 26 when the PM, /PM, ratio
was (0.33 and 0.39), respectively, indicating that natural
sources were more significant than combustion source.
Asian dust event occurred on May 24 when the highest
Yn-alkane concentration (64.8 ng m™) appeared during
the sampling period (Fig. 2).

Relatively high Yn-alkane concentrations were shown
for HCEs (Fig. 3), but the relative abundance of each
alkane varied. For HCE1 and HCE3, the odd alkanes of
C27, C29, and C31 were dominant, contributing (65 and
48)%, respectively (Fig. 6). According to Li et al. (2010),
alkanes are anticipated to be mainly emitted from bio-
genic sources if the odd alkanes among C27-C31 are
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higher than even alkanes. In HCE3, the concentrations
of ionic constituents were low, while the highest OC con-
centration was shown among all HCEs (Fig. 3), and high
CPI of 2.35 was observed; therefore, the high OC of
HCE3 was partly influenced by biogenic sources, such as
plant wax and microorganism. On the other hand, for
both HCE2 and HCE4 categorized by SIA-derived event
(Fig. 3), CPI values were relatively low at (0.68 and 1.47),
respectively.

In this study, CPI was statistically correlated with WS
(Pearson r=0.45) (Fig. 6), suggesting that the biogenic
alkanes were significantly emitted from epicuticular wax
with the effect of strong wind (Thao et al,, 2014). Previ-
ous study also found that up to 50% of the leaf surface
wax was lost after strong winds (Hall and Donaldson,
1963).

Average YPAHs concentration was (0.43+0.19) ngm™,
and there was statistically significant (at a significance
level of 0.05), but not high, correlation between YPAHs
and ¥n-alkane (Pearson r=0.38, p-value =0.019).
Among 11 PAHs measured, PYR and BbF showed the

highest average concentrations of 0.08 ng m™>. All PAHs
concentrations were significantly lower than those mea-
sured at the same sampling site in 2014-2015 (Park et al,,
2018). Previous studies showed that PAHs concentra-
tions have dramatically decreased recently in other cities
in Korea and in China (Zhang et al., 2021; Kang et al.,
2020). In Seoul, the measured YPAHs concentration in
2018 were approximately one-fifth that of 2002, and the
decreasing trend was more pronounced in summer
(decreasing from 6.8 ng m™ in 2002 to 0.8 ng m™ in 2018
during summer) (Kang ef al.,, 2020). The PAHs concen-
trations typically show clear seasonal variation with high
values in winter and low values in summer (Shin et al.,
2022; Nguyen et al.,, 2018; Ma et al,, 2010), and low PAHs
concentrations in this study were also likely to be reflec-
ted by seasonal influences. Concentrations of high molec-
ular weight (HMW)-PAHs exceeded the medium-MW
(MMW)-PAHs and low-MW (LMW )-PAHs in this
study, indicating that vehicular emissions were more
important than solid fuel combustion (Ali-Taleshi et al.,
2021), or that LMW-PAHs showed much lower gas-par-
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important.

ticle partitioning coefficient, K, than HMW-PAHs, espe-
cially in the warm season (Chen et al., 2016; Venkatara-
man et al., 1999).

Since PAH composition profiles are characteristics of
each specific emission source, the diagnostic ratios
(DRs) can be used to identify the source types. In this
study, four DRs were used, of BaA/ (BaA + Chr), BaP/
BghiP, BaP (BaP + Chr), and IcdP/ (IcdP + BghiP).
BaA/ (BaA + Chr) less than 0.2 indicates a petrogenic
source, while it ranges (0.2 to 0.35) for petroleum com-
bustion (Kang et al., 2020; Finardi et al,, 2017; Simcik et
al., 1999). In this study, the BaA/(BaA + Chr) was in the
range (0.2 to 0.35) for most samples (Fig. 7), indicating
the influence of vehicular emission. The BaP/BghiP ratio
can further identify PAHs from gasoline (0.3-0.45) and
diesel (0.45-0.8) (Zhang et al., 2021), indicating the
major influence of diesel vehicle in this study (Fig. 7). The
IcdP/(IdcP+BghiP) less than 0.5 and BaP/(BaP + Chr)
ranging (0.3 to 0.7) indicate vehicular emission (Liu et al.,
2017). A similar domestic study conducted using the
PAHs diagnostic ratio showed that PAHs were greatly
affected by vehicular emission in Seoul during summer
(Kang et al., 2020). Previous study conducted at the
same sampling site as this study showed that solid-fuel
combustion, including biomass and coal burning, was
predominant source of PAHs in winter (Park et al., 2018).

There are some discrepancies for DR values in charac-
terizing the different sources in the scientific literature;
however, it was generally speculated that PAHs were
majorly influenced by vehicular emission, although some
influence of solid fuel combustion, such as coal and bio-
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mass burning, was observed in this study (Fig. 7). The
DRs are better to be used with consideration of different
volatilities of compounds, to reduce the impact of ambi-
ent temperature (Shen et al,, 2019); however, the ratio of
BaP/(BaP + Chr), which does not meet this rule, was
considered, because all samples were collected in the rel-
atively warm season (May and June).

4. CONCLUSIONS

Haze caused by high PM, 5 concentration is a serious
air pollution event in East Asia. The formation pathways
and major sources of PM, ; greatly vary spatially and
temporally, with different proportions of PM, 5 compo-
nents. Therefore, even exposure to the same PM, s mass
concentration may have different health effects from
region to region. In this study, the chemical constituents
of PM, ; were measured in a small residential city of
South Korea during May and June, 2021, to identify the
cause of high PM, 5 concentration. Average PM, g con-
centration was 16.4 9.7 yg m™, and OC was the largest
contributor on average, followed by SO,*” and NO;.
There were four PM, ; episodes exceeding 30 pg m™,
which were characterized as one Asian dust event, two
SIA events, and one OC event. The neutralization ratio
(NR) calculated by molar concentrations of SO,*",
NO;", and NH," linearly increased as NH," increased,
until NR appeared constant around 1, suggesting that
NHj; was the limiting factor for SIA formation.

Since OC is the primary component of PM,  in this



area, identification of its possible sources is an important
task. There was relatively strong correlation between
n-alkanes and PM, ;, and odd alkanes including C27,
C29, and C31, which are generally emitted from biogen-
ic sources, were the most abundant species, indicating
that the natural sources are possibly important to PM,
concentration in this study. The PAHs were also mea-
sured, and their concentrations were significantly lower
than those measured at the same sampling site in 2014
and 2015, which shows the same decreasing trends as in
other cities in Korea, and in China. Based on the DR
result of PAHs, vehicular emissions, rather than solid fuel
emissions, were significant.
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SUPPLEMENTARY MATERIALS

Table S1. Analysis condition of GC/MS.

GC 7890A
Carrier gas Helium
Gas flow rate 1.0mL min™
Column DB-SMS
(30mlong X 0.25 mm ID X 0.1 pym film thickness, diphenyl-dimethyl polysiloxane phase capillary column)
Injection volume 1uL
Injection mode Split-less
Inlet temperature 300°C
Initial oven temperature 60°C
Temperature rate 4°C min™!
Hold time 15 min
MSD 5975C
Electron energy 70eV
Quadrupole temp. 150°C
Ion source temp. 230°C

Table S2. Summary of the measured data during the four HCE periods.

Date WS RH PM,, PM, ¢ ocC EC NO;” Noka
HCEIL 2021-05-24 12 56 118 35.3 3.7 0.3 1.8 12
HCE2 2021-06-01 0.5 84 38.1 34.3 4.6 0.5 2.0 4.3
HCE3 2021-06-06 L1 73 52.3 314 4.9 0.6 0.6 L1
HCE4 2021-06-20 2.0 71 52.0 46.8 4.8 0.8 4.4 6.1
Date NH,* K* Mgt Ca?* S n-Alkanes S PAHs CPI
HCEIL 2021-05-24 0.4 0.104 0.153 1.078 64.8 1.1 3.8
HCE2 2021-06-01 2.3 0.118 0.019 0.061 36.2 0.5 0.7
HCE3 2021-06-06 0.5 0.024 0.004 0.062 25.1 0.6 2.4
HCE4 2021-06-20 3.6 0.143 0.002 0.064 439 0.7 LS

Note that the unit is in m s™ for WS. The units are ng m™ for n-alkanes and PAHs and ug m” for all other pollutants.
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Inorganic and Nonpolar Organic Compounds of PM, 5

Fig. S1. Residence time of backward trajectories for the top 10% (left) and the bottom 10% of PM, ; mass concentration.
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