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Abstract: The primary objective of this study was to investigate the molecular compositions of humic-like
substances (HULISs) in size-resolved ambient aerosols, which were collected using an Anderson-type
air sampler (eight size cuts between 0.43 and 11 µm) during the winter season (i.e., the heating period
of 8–12 January 2018) in Songdo, South Korea. The aerosol samples collected during the pre- (preheating,
27 November–1 December 2017) and post-winter (postheating, 12–16 March 2018) periods were used
as controls for the winter season samples. According to the concentrations of the chromophoric organics
determined at an ultraviolet (UV) wavelength of 305 nm, most of the HULIS compounds were found to
be predominantly enriched in particles less than 2.1 µm regardless of the sampling period, which shows
that particulate matter (diameter less than 2.5 µm; PM2.5) aerosols were the dominant carriers of
airborne organics. Ultrahigh-resolution Fourier transform ion cyclotron resonance mass spectrometry
(UHR FT–ICR MS) analysis of the aerosol-carried organic substances revealed that as the aerosol size
increased the proportions of CHO and nitrogen-containing CHO (CHON) compounds decreased,
while the proportion of sulfur-containing CHO (CHOS) species increased. In particular, the ambient
aerosols during the heating period seemed to present more CHO and CHON and less CHOS molecules
compared to aerosols collected during the pre- and postheating periods. The aerosols collected during
the heating period also exhibited more aromatic nitrogen-containing compounds, which may have
originated from primary combustion processes. Overall, the particle size distribution was likely
influenced by source origins; smaller particles are likely from local sources, such as traffic and industries,
and larger particles (i.e., aged particles) are likely derived from long-range transport generating
secondary organic aerosols (SOAs) in the atmosphere. The results of the size-segregated particles can be
utilized to understand particle formation mechanisms and shed light on their toxicity to human health.
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1. Introduction

Air pollution is a serious environmental issue, particularly in East Asian countries, such as China
and Korea [1,2]. Ambient aerosols are composed of primary organic aerosols (POAs), which are
generated by coal combustion, traffic, biomass burning, and/or industrial processes and emitted
into the atmosphere, and secondary organic aerosols (SOAs) [3,4]. In particular, SOAs, which are
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mainly formed in the ambient phase by the chemical transformation of atmospheric primary
organic compounds [3,5], have been considered to be an important constituent of ambient aerosols.
Their formation mechanisms have been gaining increasing attention because they largely affect human
health due to their severe toxicity [6–9].

A molecular level description of atmospheric organic aerosols is needed to better understand
the impact of aerosols on human health and our ecosystems. In particular, aerosol-carried water-soluble
organic matter are often classified as humic-like substances (HULISs) that have properties similar to
naturally occurring humic and fulvic acids [10]. Airborne HULISs have been shown to play significant
roles in several areas of atmospheric systems, ranging from air quality to global biogeochemical cycles
and climate systems [10,11]. Furthermore, the chemical compositions of ambient HULISs vary according to
the sources of aerosol constituents and formation mechanisms [12–17]. However, elucidating the detailed
chemical compositions and structural information of HULISs at the molecular level is challenging due
to the extremely high variety and complexity of chemical compositions. HULISs typically consist of
thousands of compounds from a wide range of compound classes and originate from a variety of sources.

In the present study, ambient particles were collected using an Anderson cascade impactor
and the HULIS samples were investigated using a 15 Tesla Fourier transform ion cyclotron resonance
(FT–ICR) mass spectrometer (MS), in order to understand chemical changes based on the sizes of
the particulate matter. The resulting data were interpreted to characterize the chemical compositions
of the organic substances in the fine particles. Based on the chemical compositions and properties of
the size-resolved particles, we could predict their source origins. This in-depth chemical characterization
of size-dependent organic molecules in atmospheric aerosols provides further insight into the nature
of airborne pollutants and new particle formation events.

2. Experiments

2.1. Aerosol Sampling

Airborne particles were collected using an Andersen-type air sampler (AN-200, Sibata,
Tokyo, Japan) with eight stages for the collection of size-resolved ambient particles (eight size
cuts between 0.43 and 11 µm). Samples were collected in the Songdo district of South Korea, a coastal
area located southwest of Seoul, the capital city. The air sampler was mounted on the roof of
the Department of Marine Science, Incheon National University (37.4◦ N, 126.6◦ E) and the sampling
site was surrounded by the Incheon international airport, a port, an industrial complex, a local
heating facility, a residential area, and oceans, thereby resulting in a complex mixture of a pollution
source origins.

Particulate matter (PM) aerosols were collected on a Teflon filter (ϕ80, Sibata) using
the Anderson-type impactor in November 2017, January 2018, and March 2018, according to
the manufacturer’s instructions. Five day sampling times were employed in order to be unaffected
by synoptic-scale changes due to weather conditions [18,19], thus aerosol samples collected during
the study period could reflect molecular characteristics of both long-range transported and local sources.
The suction flow rate was 28.3 L min−1. The Teflon sample filters were segregated by size (0.43–0.65,
0.65–1.1, 1.01–2.1, 2.1–3.3, 3.3–4.7, 4.7–7.0, 7.0–11.0, and >11.0 µm). Field blank filter samples were
prepared as a control. After collection, the sample filters were stored at −20 ◦C until analysis. Basic air
quality information, including the PM10 and PM2.5 levels, was provided by the Air Korea website
(http://www.airkorea.or.kr) operated by the Korean Ministry of the Environment (KME).

2.2. Preparation of HULISs from Size-Segregated Aerosols

The HULISs, which was first coined by Havers et al. [20], can be extracted in alkali solution, followed
by gel permeation chromatography or dialysis. However, for atmospheric samples collected in this
study we adopted the water extraction followed by C18-based solid-phase extraction, first established
by Varga et al. [21]. The extraction of HULISs from the size-segregated aerosol samples was conducted
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according to the method described by Lin et al. [13,22], with minor modifications. Briefly, each Teflon
filter (ca. 150 cm2) was placed in ultrapure water (20 mL) to extract organic substances in a sonication
bath for 1 h. The extract was filtered using a 0.45 µm Teflon syringe filter, which was followed by
acidification to a pH of 2 using 1 M HCl. After this, the extract was loaded on a solid phase extraction
(SPE) cartridge (Oasis Hydrophilic–Lipophilic Balance (HLB), Waters, Milford, MA, USA). Prior to
loading the samples, the cartridge was first conditioned with 3 mL of methanol, which was followed
by 3 mL of 0.1% formic acid. After loading the samples, the cartridge was washed with 1 mL of
ultrapure water three times and the organic species retained on the cartridge were subsequently eluted
with methanol containing 2% ammonium hydroxide (0.5 mL × 2). The resultant samples were dried
under a gentle nitrogen stream and redissolved with 50% aqueous methanol containing 7% ammonium
hydroxide solution for Fourier transform mass spectrometry (FT MS) with negative ion mode analysis.
Approximately 60% of the HULIS extracts were expected to be recovered from the SPE procedure [21].
A field blank filter extract was also prepared for a control experiment.

2.3. FT–ICR MS Analysis and Data Processing for Elemental Composition Assignments

The size-resolved chemical compositions of the HULISs, extracted from the aerosols that were
collected during the winter season (January 2018), were investigated using an ultrahigh-resolution
(UHR) FT–ICR mass spectrometer. The other samples collected in November 2017 and March 2018 were
also investigated to determine any eventual differences connected to seasonal variations. To obtain
the elemental compositions for the aerosol-derived organic substances, UHR mass spectra were acquired
using a 15 T FT–ICR mass spectrometer (solariX XR™ system, Bruker Daltonics, Billerica, MA, USA)
equipped with a standard electrospray ionization (ESI) interface, as previously demonstrated [23,24].
The HULIS extracts were directly infused into the mass spectrometer at a flow rate of 2 µL min−1 using
a syringe pump and analyzed in negative ion mode at a capillary voltage of 3.5 kV. The lower and upper
mass limits were set to mass-to-charge (m/z) values of 150 and 1000, respectively. The drying gas flow
rate was held at 4 L min−1; the drying gas temperature was held at 200 ◦C; the ion accumulation
time was held at 0.01 s; and the transient length was held at 1.39 s, for all experiments. Two hundred
scans, with 4 M words of data, were collected per sample, resulting in a mass resolving power greater
than 500,000 (at m/z 400). The instrument was externally calibrated using a sodium trifluoroacetate
(NaTFA) solution (10 µg/mL in 50% aqueous methanol) prior to the sample analysis. Data acquisition
was controlled by the ftmsControl 2.0 software (Bruker Daltonics).

After the acquisition of FT MS spectra by the 15 T FT–ICR MS, the datasets were processed using
the DataAnalysis (ver. 4.2, Bruker Daltonics) and Composer (Sierra Analytics, Modesto, CA, USA)
software to assign the elemental compositions, as previously described [25]. Briefly, the formula
calculator, Composer, was used to calculate the empirical molecular formulae from the masses of
singly charged ions extracted from the raw spectra in the range of m/z 150–1000. Constraints on
the maximum number of atoms were set to 100 12C, 200 1H, 50 16O, 4 14N, and 2 32S atoms for
the calculations of the molecular formula. After this, the molecular formulas with assignment errors
>0.3 ppm and those from the blank filter extract were excluded from the final list. A van Krevelen plot
was used to visualize the assigned chemical compositions based on the atomic hydrogen-to-carbon
(H/C) and oxygen-to-carbon (O/C) ratios (Section 3.2) [26]. The double bond equivalent (DBE) value
representing the sum of the rings and double bonds in each molecule (the degree of unsaturation
in a given compound) was calculated from the number of atoms in the chemical formulas using
the following rule: DBE = 1 + nC − 0.5 nH + 0.5 nN [27]. The potential presence of aromatic structures
in a molecule can also be interpreted based on the aromaticity index (AI) [28].

2.4. Air Mass Backward Trajectory Analysis

Air mass backward trajectories and meteorological parameters, including the marine boundary
layer, were calculated using the hybrid single-particle Lagrangian integrated trajectories (HYSPLIT)
model [29]. Three-day backward trajectories arriving at the sampling site were estimated at hourly
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intervals during each sampling period, to identify the potential source areas for the observed properties
of aerosol particles. A cluster analysis that included the HYSPLIT model was performed to identify
general air mass transportation patterns over the three sampling periods.

3. Results and Discussion

3.1. Size-Segregated Sampling of Ambient Aerosols during the Winter Season in Songdo, South Korea

Measurements of the concentrations of chromophoric organic molecules in the aerosol extracts at
an ultraviolet (UV) wavelength of 305 nm were used to estimate the organic carbon concentrations of
the size-resolved particles [30,31]. According to the concentrations of the chromophoric organics in
the HULISs (Figure 1), a significant proportion of the organic substances in the atmospheric aerosols
were composed of particles less than 2.1 µm in size, regardless of the sampling period. This result
shows that PM2.5 aerosols are the dominant carriers of airborne particulate matter. The size distribution
of fine organic aerosols was consistent with the previous reports, which found that the sizes of various
airborne particles ranged from 10 nm to 20 µm [32–34]. However, the lower size limit was determined
as 0.43 µm in our measurements (as shown in Figure 1). In particular, the aerosol-derived organic
concentration collected in January shows a lower proportion in the smallest particles (those with
size less than 0.65 µm) than those collected in November and March. This results in a more narrow
size distribution with a maximum at the size of 0.65–1.1 µm during the heating period. In contrast,
the samples from the other periods show relatively broader distributions, exhibiting equivalent
amounts of the chromophoric organics at the finest size (0.43–0.65 µm). Given these observations
of the particle size distribution, it was assumed that the fine particles with a diameter between 0.65
and 1.1 µm account for the majority of the organic aerosols collected during the heating season,
while finer particles less than 0.65 µm seem to exhibit more proportions of the aerosols collected during
pre- and postheating periods.
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Figure 1. Ultraviolet (UV) absorbance profile of size-segregated aerosols collected during different
periods: (a) November, preheating period; (b) January, heating period; and (c) March, postheating
period. The data points of the x-axis were determined by the midpoint of each range of particle sizes.
The insets show the corresponding distributions with a log-scaled x-axis for particle size.

3.2. UHR FT–ICR MS Profiles of HULISs in Size-Segregated Aerosols

The HULIS extracts of the size-resolved aerosol samples were analyzed using a UHR 15 T FT–ICR
mass spectrometer equipped with an ESI source. The FT–ICR MS was performed in the negative ion
mode due to the intrinsic properties of HULISs, which mostly possess hydroxyl and carboxyl functional
groups. After processing the raw data using the elemental formula calculator, 1059 to 3052 chemical
formulas of the total organic substances were assigned to the data. The overall chemical attributes of
the size-resolved HULISs are shown in Figure 2 and summarized in Supplementary Materials Table S1.
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Regardless of the sampling periods, we observe an increase in the DBE, AI, and nitrogen-to-carbon
(N/C) ratios as particle size is decreased from larger particles (~11 µm) to very small particles (~0.43 µm).
On the other hand, the hydrogen to carbon (H/C) and sulfur-to-carbon (S/C) ratios decrease as particle
size is decreased (Figure 2). The higher DBE and AI values of organic substances in smaller particles
may represent heavier proportions of unsaturated and/or aromatic molecules in the fine particles.
Furthermore, the higher N/C ratio and lower S/C and H/C ratios of the HULISs are indicative of higher
nitrogen-substitution, lower sulfur-substitution, and alkylation for the smaller particles, which implies
that nitrogen-containing compounds with condensed structure (e.g., aromatic amines) are the majority
of the total organic particles.
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(d) oxygen-to-carbon (O/C), (e) nitrogen-to-carbon (N/C), and (f) sulfur-to-carbon (S/C) ratios.

The mean O/C ratio shows no significant trend over the particle sizes, but differs among the sampling
periods. A lower O/C ratio was observed from aerosols during the heating season compared to those in other
periods (Figure 2d). A higher O/C ratio for airborne organic species likely reflects higher oxidation states
and the presence of SOAs, since gas-phase aerosol oxidation is significantly associated with SOA formation
mechanisms and particle formation and growth [5,35]. The gas-phase oxidation level could be facilitated
with atmospheric humidity [36,37]. However, the mean relative humidity at the sampling site was not
significantly different among the sampling periods in this study (see Supplementary Materials Table S2).
Given these observations, the lower O/C ratio of the organic aerosols collected during the heating period
provides evidence for a higher proportion of POAs, which originated from primary combustion emissions,
and for a relatively smaller SOA content in the heating season aerosols.

According to the chemical class distributions of the ambient HULISs (Figure 3), the proportion of
sulfur-containing CHO (CHOS) species increases while the proportions of CHO and nitrogen-containing
CHO (CHON) compounds decreases as the sizes of aerosols increase. This suggests that CHO
and CHON molecules are more likely to be enriched in fine PM. In particular, ambient aerosols
during the main heating period present more CHO and CHON molecules and fewer CHOS molecules
compared to the aerosols collected during the pre- and post-heating periods. Essentially, the CHO
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and CHON classes are the dominant contributors of HULISs during the heating period, accounting
for 25% (CHO species) and 25% (CHON species) of PM2.5, whereas the CHOS class compounds
were the most substantial contributor during the pre- and post-heating periods along with nitrogen
and sulfur-containing CHO (CHONS) compounds.
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We also found that the CHO and CHON species contributed more to the overall DBE
and AI values of the HULISs, with their contributions being more substantial in smaller particles
(see Supplementary Materials Tables S3–S5). Together, these oxygen- and nitrogen-containing organic
species are supposed to be the main constituents of airborne fine particles (less than 2.1 µm in size) and are
the result of primary emissions. This suggests the strong possibility that oxygen and nitrogen-containing
organic molecules originate from anthropogenic sources, such as fossil-fuel combustion events, and show
distinct seasonal variations.

3.3. Seasonal Characteristics of Ambient Size-Resolved HULIS Samples

In order to determine the key compound classes that are responsible for the seasonal characteristics of
organic aerosols, we investigated the composition-specific chemical properties from the FT MS datasets
(see Supplementary Materials Tables S3–S5). The DBE and AI values of CHO and CHON compounds
observed from aerosols that were collected during the main heating period were higher than those
from other sampling periods. CHON compound classes from the pre-, main-, and post-heating samples
exhibited mean DBE/AI values of 7.10/0.16, 9.04/0.24, and 6.25/0.08, respectively, which suggests a significant
contribution to the nitrogen-containing molecules from primary combustion product emissions during
the heating period. This trend also correlated with the CHO class species. We also observed strong
negative correlations of the DBE and AI values (r2 = 0.89 and 0.79 for CHO, r2 = 0.89 and 0.99 for CHON,
respectively) with the particle size during the heating season (Supplementary Materials Figures S2 and S3
and Tables S3–S5). This is reflective of the organonitrates from primary emissions and are the significant
contributor for the accumulation in the fine particles during the heating period.

SOA is often considered to be a major contributor to total HULIS through various photochemical
reactions of primary precursors (e.g., oxidation and condensation). The high O/C ratio of aerosol-derived
organic substances can be a good indicator for SOA formation [5,35]. The mean O/C ratios of CHO
and CHOS compounds did not change over the sampling periods, irrespective of the aerosol size,
while the mean O/C ratio of CHON species during the heating period was smaller than those in the pre-
and postheating periods. This provides evidence for the elevated proportion of primarily emitted
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nitrogen-containing organics with a less oxidized state, in aerosols collected during the heating period
(Supplementary Materials Figures S2–S4).

No significant correlation was observed between the DBE and AI values of CHOS species
and the particle size over the sampling periods (Supplementary Materials Figure S4), which implies
the sulfur-containing compounds are not likely associated with seasonal variation. According to
the relatively smaller values of DBE and AI of CHOS compounds in the ranges of 4–6
and 0.03–0.06, respectively—compared to 6–12 and 0.05–0.4 for CHO, and 5–11 and 0.05–0.35 for
CHON—the sulfur-containing organic molecules seem to be more saturated and have an aliphatic
nature. Together, the CHOS compounds, which exhibit an abundance of 1–2 DBEs and 6–10 carbons, are
likely obtained from biogenic sources (i.e., isoprene and monoterpenes; refer to Supplementary Materials
Figure S5). This is consistent with the previous literature describing organosulfates in HULIS, which is
the main constituent in SOAs [38].

The distribution of specific classes of organic compounds that are present in HULISs from
different sampling periods can be explained by van Krevelen plots. The representative van Krevelen
diagrams displaying the compound classes of the HULISs in particles between 1.1 and 2.1 µm
(stage 3 fractions) in the pre-, main-, and post-heating periods are shown in Figure 4a–c, respectively.
According to the proportion of each compound class, the organic compounds in the main-heating
period aerosols mainly belong to lignins and condensed aromatics, whereas the organics from
the aerosols collected during the pre- and post-heating periods possessed higher proportions of
proteins and carbohydrate species (Figure 5). The lignin class species is often considered to be
derived from plant or wood sources [39] and condensed aromatics are a major contributor of
primary combustion emissions [40,41]. Therefore, the higher proportions of these compound classes
(lignins and condensed aromatics) are indicators of household heating or coal combustion events
that mostly occurred during the main-heating period. Moreover, among the molecular classes,
lignins contribute more to the higher DBE and AI values of the organic aerosols (Figure 5), except for
condensed aromatics. Furthermore, strong negative correlations were found as the particle size increased,
particularly during the heating period (Supplementary Materials Tables S6–S8). Thereby supporting
that the lignin class may be the most significant contributor of the HULIS during the heating
period. Carbohydrate class species exhibited the second largest proportion of the HULISs (Figure 5),
but the chemical properties of the compounds presented no significant features over the sampling periods
and sizes (see Supplementary Materials Tables S6–S8).
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Figure 4. Van Krevelen plots showing the distribution of chemical classes based on the molar H/C
and O/C ratios for the assigned elemental compositions of the size-segregated aerosol-derived HULISs,
which were analyzed by electrospray ionization (ESI) Fourier transform ion cyclotron resonance mass
spectrometry (FT–ICR MS), in the stage three fractions (size cut: 1.1–2.1 µm) during different sampling
periods for (a–c), showing the molecular compound classes. Color code: CHO, blue; CHON, red; CHOS,
green; and CHONS, purple. (d–f) Represent the presence of aromatic species (color code: AI < 0.5, gray;
0.5 < AI < 0.67 orange; AI > 0.67, red). (a,d) preheating, (b,e) main heating and (c,f) postheating periods.
The size of each circle is proportional to the intensity of the molecular formula.

The presence of aromatic structures in a molecule is also interpreted based on the AI in the van
Krevelen diagrams. Compounds with AI values >0.5 are expected to be aromatic species and those with
AI values >0.67 are more likely to be condensed aromatic molecules [28], such as polycyclic aromatic
hydrocarbons (PAHs), which are often used as indicators to represent the degree of human exposure to
hazardous compounds [42]. Significant enrichment is observed for aromatic compounds in the stage
three fractions (1.1 and 2.1 µm in size) of the main heating samples (see Figure 4d–f). The main heating
season HULISs appear to contain more aromatic compounds (16.7% aromatics and 5.3% condensed
aromatics). In comparison to the HULISs from the heating season, the HULISs from pre- and postheating
seasons appear to have less aromatic (7.9% and 4.8% of the total, respectively) and condensed aromatic
(2.8% and 1.0% of the total, respectively) structures. We also found that those aromatic compounds were
more enriched in smaller particles (up to 24% of the total; see Supplementary Materials Tables S3–S5),
which supports the potential presence of PAHs and other related compounds in the PM2.5 samples.
The compounds with high AI values might also be transferred from traffic into the air as well as from
coal power plants and heating. The enriched aromatic constituents in the fine particles might be
responsible for the toxicity levels and broaden our understanding of the formation mechanisms for
organic aerosols.
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on the bars represent the mean DBE and AI values of the corresponding compound classes during each
sampling period.

3.4. Implications of Size-Dependent Chemical Compositions and Their Source Origins

From the aspect of particle aging events, a larger particle can be considered to be older than a smaller
particle because the particle is considered to be growing via various atmospheric reactions [3,43,44].
Smaller particles, assuming they are the younger particles, are more dominant from local sources,
such as traffic and industries, which are directly emitted into the atmosphere via primary combustion
events. On the other hand, larger particles are assumed to be aged particles derived from long-range
transport or particle growth in the ambient phase.

In general, the source of organic nitrogen in urban aerosols is often considered to be from traffic
because the oxides of nitrogen (NOx) are emitted from the gasoline of vehicles [45,46], which is consistent
with the observation that CHON class species were more enriched in smaller particles. In contrast,
it has been reported that the ship fuel sulfur content is approximately 4%, whereas the sulfur contents
of inland fuel and gasoline for vehicles are 0.2 and 0.003% (30 ppm), respectively [47]. Thus, the sulfurs
in ambient organosulfates in the Songdo area are supposed to come from ship fuel or Chinese coal,
which provides evidence to support the theory that the organosulfates in larger particles are formed by
aging in the atmosphere during long-range transport. The chemical properties of CHOS compounds
observed in this study correlate well with the organosulfate species from diesel-derived SOAs [48].
Additionally, based on the van Krevelen plots for the H/C versus O/C ratios and the assigned
chemical formulas from the organic aerosols (as shown in Figure 5), most of the CHOS species
appear to belong to protein and carbohydrate classes, whose origins are thought to be from microbes
(e.g., marine phytoplankton). Therefore, the neighboring ocean would be one of the potential source
origins of the aerosol-carried organosulfates.
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According to an air mass back trajectory analysis, which was employed to investigate
the contributions of aerosol source regions (see Supplementary Materials Figure S5), the air mass
backward trajectories during the main heating period seemed more prominent in the north wind deriving
from China. In contrast, the preheating period exhibited a typical northwest wind while the wind
blew around the Yellow Sea and moved towards Songdo during the postheating period. In particular,
the air mass during the postheating period was more likely to influence the pollution effect because
the wind stayed in a polluted area for a long time and moved over Songdo, which corresponded well
with the higher PM10 and PM2.5 levels during the postheating period (Supplementary Materials Table S9).
Given these observations, it is more likely that the long-range transport from the East China area
significantly contributes to the aerosols collected in the Songdo area regardless of the sampling period.

4. Conclusions

In this study, we observed significant differences in the chemical compositional distributions
of size-segregated aerosols. The observed chemical properties and molecular class distributions
are further analyzed in order to understand their source origins and physicochemical properties.
The higher proportion of CHO and CHON class molecules and the smaller ratio of sulfur-containing
molecules in the smaller ambient particles from size-segregated aerosols might be related to the particle
transformation processes and reflect their source origins.

The primary sources of POAs can be divided into natural and anthropogenic biomass burning,
including forest fires and domestic heating, fossil-fuel combustion from industries and traffic,
soil and road dust, and plant materials. The Songdo area, where the size-segregated aerosol sampling
was performed in this study, is exposed to a variety of source origins, such as transportation
(i.e., airplanes, ships, and traffic), fossil fuel combustion, biomass from oceans, and so on.
Moreover, the relatively high humidity (>50%) of the coastal area would be a favorable condition for
SOA formation [49,50].

The CHO and nitrogen-containing CHO compounds that were found to be enriched in fine particles
are more likely to be aromatic unsaturated molecules (i.e., PAHs and aromatic amines), which are
supposed to be produced in the primary emissions from traffic or fossil-fuel combustion. Lepri et al.
observed the significant enrichment of common organic contaminants (i.e., PAHs and phthalates)
in fine aerosol particles that were less than 2 µm in diameter [51]. These molecules have been attracting
increasing attention due to their severe toxicity and their hazardous nature for human health [52–55].
Therefore, more special attention is needed when high concentrations of these fine particulate pollutants
are observed.

The chemical properties of CHOS species, which were identified in this study, have shown
similar trends with those of HULIS from aerosol samples in a rural area as demonstrated by Lin et al.
(higher H/C and O/C ratios, and smaller DBE and AI values; Supplementary Materials Tables S3–S5) [13].
This provides evidence of more aliphatic and polar, and less aromatic and unsaturated, features.
Furthermore, the classification of CHOS compounds into the carbohydrate and protein classes indicates
another possibility; that the sulfur-containing organics are derived from the ocean via sea-spray events
at the air–sea interface, since the ocean is a well-known reservoir of sulfur-rich dissolved organics [56].

Here, we comprehensively investigated the chemical characteristics of the size-resolved organic
aerosols. The results of the size-segregated particles could be utilized to understand particle
formation mechanisms and shed light on their toxicity to human health. The detailed compound
information and source origins of the aerosol-derived organic constituents were not fully identified yet.
Therefore, further studies identifying key components in the size-segregated aerosols and more detailed
source apportionments would be necessary for better understanding the complex physiochemical
nature of airborne pollutants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/4/226/s1:
Figure S1: Size-resolved samples collected during the preheating, main heating, and postheating periods
using an Anderson-type air sampler. Figures S2–S4: Relationships of the particle size with the DBE, AI, H/C,

http://www.mdpi.com/2073-4433/10/4/226/s1
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and O/C values of CHO, CHON, and CHOS class species during each sampling period, respectively. Figure S5:
Carbon number and DBE plots of the HULISs in particles of stage three fractions. Figure S6: Results for three
day air mass back trajectories collected at hourly intervals during each sampling period. Table S1: Summary of
the chemical properties of the assigned compositions of HULISs in the size-segregated aerosols. Table S2: Basic air
quality information in the Songdo area provided by the Air Korea website operated by the KME. Tables S3–S5:
Chemical properties of the assigned molecular classes of HULISs in the size-segregated aerosols collected
during the preheating, main heating, and postheating periods, respectively. Tables S6–S8: Chemical properties
of the assigned compound classes of HULISs in the size-segregated aerosols collected during the preheating,
main heating, and postheating periods, respectively. Table S9: PM10 and PM2.5 levels measured in the Songdo
area, South Korea, provided by Air Korea.
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