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ABSTRACT: Although the particle phase state is an important
property, there is scant information on it, especially, for real-world
aerosols. To explore the phase state of fine mode aerosols (PM2.5)
in two megacities, Seoul and Beijing, we collected PM2.5 filter
samples daily from Dec 2020 to Jan 2021. Using optical
microscopy combined with the poke-and-flow technique, the
phase states of the bulk of PM2.5 as a function of relative humidity
(RH) were determined and compared to the ambient RH ranges in
the two cities. PM2.5 was found to be liquid to semisolid in Seoul
but mostly semisolid to solid in Beijing. The liquid state was
dominant on polluted days, while a semisolid state was dominant
on clean days in Seoul. These findings can be explained by the
aerosol liquid water content related to the chemical compositions
of the aerosols at ambient RH; the water content of PM2.5 was much higher in Seoul than in Beijing. Furthermore, the overall phase
states of PM2.5 observed in Seoul and Beijing were interrelated with the particle size distribution. The results of this study aid in a
better understanding of the fundamental physical properties of aerosols and in examining how these are linked to PM2.5 in polluted
urban atmospheres.
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1. INTRODUCTION
Rapid economic and industrial development in Asia over
recent decades has resulted in serious aerosol pollution. Fine
particulate matter consisting of effective diameters less than 2.5
micrometers (PM2.5) plays an important role in determining
the air quality and affects climate change and human health.1−3

These effects are influenced by various physicochemical
properties of PM2.5, such as the phase state (often reported
via the viscosity), morphology, hygroscopicity, size distribu-
tion, and chemical composition.4 Moreover, the liquefaction
and solidification of PM2.5 are dependent on the aerosol liquid
water content (ALWC), which can also be related to the
aerosol phase states (i.e., liquid, semisolid, or solid).5,6 The
interrelationship between chemical composition, phase state,
and the ALWC might be critical in an accurate prediction of
aerosol pollution and its links to regional climate.

Most recent studies on the phase states of aerosol particles
have been conducted using laboratory experiments on different
types of secondary organic aerosols (SOAs), mixtures of SOAs,
and secondary inorganic aerosols (SIAs).7−13 Experiments
using lab-made atmospherically relevant aerosol particles
revealed that aerosol particles exist not only in the liquid
state, as had been conventionally used in kinetic models, but

also in semisolid and/or solid states depending on aerosol
composition, relative humidity (RH), and temperature.11,13,14

Aerosol phase states and behaviors are key parameters for
enabling more accurate predictions of mass concentration,
growth rate, and heterogeneous reactivity of aerosols.15−19 For
example, in liquid-state aerosol particles, reactions with
accommodated gas molecules can occur in the bulk of the
particles, and therefore, particle size can be increased relatively
rapidly with a higher mass concentration of condensable
species. However, in solid-state aerosol particles, reactions with
molecules of the gas-phase origin are mostly confined to the
surface of the particles, resulting in slower growth and smaller
sizes of particles compared to the case of liquid aerosol
particles.19
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Some studies on phase states of real-world aerosol particles
have been conducted under different environments.20−26 In a
rural area in the southeastern United States,20 PM was
reported to mostly exist in a liquid state. In Shenzhen, a coastal
city in China, submicrometer-sized particles were observed to
be in the liquid state under high RH > ∼60% and high
inorganic mass fraction.24 In Beijing, when heavy haze episodes
occurred during winter, a phase transition of submicrometer
particles from a semisolid to a liquid state was observed.25 This
phenomenon was explained by the concurrent enhanced RH
and inorganic fraction in aerosol particles that promoted higher
ALWC and thereby lowering the viscosity. On the contrary, in
central Amazonia, nonliquid PM was predominant even under
high RH conditions during a period of urban pollution and
biomass burning.26 These studies notwithstanding, information
on the phase state of atmospheric particles remains largely
unknown. More data are needed to understand the typical
range of physical properties exhibited by PM and also to
examine how the physical properties are linked to PM
pollution.

Herein, we collected PM2.5 filter samples simultaneously
from two megacities, Seoul and Beijing, during the 2020−2021
winter. In the laboratory, the morphology and phase behavior
of PM2.5 upon dehydration were observed using the filter
extracts from the two cities by optical microscopy combined
with a poke-and-flow technique at temperatures of 290−293 K.

Based on the observations, we classified the phase states of the
bulk of PM2.5 in the urban environments of Seoul and Beijing.
Moreover, the relationship between the phase states and
chemical composition of PM2.5 was investigated with
consideration of the ALWC and RH. Finally, the results of
the analysis of the PM2.5 phase state were applied to determine
its interplay with the observed particle size distributions in
these megacities.

2. METHODOLOGY
2.1. Measurement Sites and Collection of PM2.5

Samples. PM2.5 quartz-filter samples (8 × 10 in., Pall
Corporation, product no. 7204) were collected daily from
10:00 to 09:00 a.m. of the following day in local time, using
high-volume air samplers at a flow rate of ∼1000 L min−1

(SIBATA, HV-1000R, Japan) simultaneously at a metropolitan
area intensive air quality monitoring site in Bulgwang-dong,
Eunpyeong-gu in Seoul (37.61°N, 126.93°E) and at the
Changping campus of Peking University in Beijing (40.25°N,
116.19°E) from Dec 15, 2020 to Jan 14, 2021 (Figure S1).
Details of the sites are described in Section S1. After collection,
the filters were stored at ∼255 K and used for analysis within
∼1 month.

During the entire period, we selected samples from both
sites for phase state determinations of the PM2.5, which
included the beginning of the increase in PM2.5 concentration

Table 1. Summary of Daily Average Mass Concentration, Oxygen-to-Carbon Ratio (O:C) of PM2.5, and Ambient Relative
Humidity (RH) in Seoul and Beijinga

phase state

year
date

(MM/dd)
PM2.5

(μg/m3)
SO4

2−

(μg/m3)
NO3

−

(μg/m3)
NH4

+

(μg/m3)
OA

(μg/m3)
EC

(μg/m3)
ALWC
(μg/m3) O:C

ambient
RH (%) 25th−75th mean

Seoul
2020 12/21 31.1 2.5 9.5 4.0 5.9 1.0 13.2 0.40 65.7 liquid−semisolid semisolid

12/22 37.1 3.2 13.8 5.9 6.8 1.1 18.2 0.42 66.7 lquid−semisolid liquid
12/23 60.8 5.2 22.5 9.7 10.4 1.8 50.5 0.41 77.2 liquid liquid
12/24 17.0 2.2 3.4 1.7 5.7 0.7 3.8 0.40 54.8 semisolid semisolid
12/26 43.3 3.3 15.0 6.3 9.5 1.3 16.2 0.41 65.0 liquid−semisolid semisolid
12/27 33.3 3.2 11.1 5.1 8.4 1.0 16.7 0.41 66.0 liquid−semisolid liquid
12/28 46.1 3.6 16.7 7.0 11.2 1.5 25.6 0.41 70.4 liquid liquid
12/29 34.0 3.9 7.0 3.8 10.7 1.4 12.9 0.42 63.9 semisolid semisolid

2021 01/01 15.0 1.3 3.4 1.5 3.6 0.6 3.6 0.40 53.5 semisolid semisolid
01/02 12.7 1.1 1.2 0.6 2.9 0.5 0.9 0.39 42.8 semisolid semisolid
01/11 34.0 2.5 8.1 3.6 10.4 1.3 9.3 0.39 63.2 liquid−semisolid semisolid
01/12 41.9 4.9 11.4 5.6 9.7 1.1 74.1 0.40 85.9 liquid liquid
01/13 38.0 2.9 7.7 3.0 10.1 1.3 14.1 0.41 70.4 semisolid semisolid

average 34.2 3.1 10.1 4.4 8.1 1.1 19.9 0.41 65.0
Beijing

2020 12/21 48.3 3.7 12.5 6.5 11.9 3.9 0.42 33.8 semisolid semisolid
12/22 58.8 4.0 13.5 7.2 14.0 4.2 0.40 32.9 semisolid semisolid
12/28 44.9 4.3 10.3 5.3 10.5 7.0 0.40 30.5 semisolid semisolid
12/29 18.5 0.7 0.3 0.4 1.7 0.1 0.36 15.7 (semi)solid (semi)

solid
2021 01/01 40.7 3.1 8.2 4.8 12.4 3.8 0.40 33.4 semisolid semisolid

01/02 45.8 4.5 9.5 5.8 9.1 4.8 0.40 29.5 semisolid semisolid
01/11 24.5 1.3 1.9 1.4 4.1 0.5 0.39 24.4 semisolid semisolid
01/12 48.6 1.7 6.7 3.5 8.8 0.9 0.38 23.5 semisolid semisolid
01/13 55.7 4.3 7.2 4.4 7.0 8.8 0.40 38.2 semisolid semisolid

average 42.9 3.1 7.8 4.4 8.8 3.8 0.39 29.1
aChemical compositions of the inorganic and carbonaceous species were measured for PM2.5 in Seoul and for PM1.0 in Beijing. Phase states of
liquid, semisolid, or (semi)solid of PM2.5 filter samples at 290−293 K at ambient RH between the 25th and 75th percentile level and on mean value
are also included.
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and several PM2.5 pollution episodes with daily mean PM2.5
concentrations > 35 μg/m3, based on the Korean daily air
quality standard for PM2.5.

27 Figure S2 shows the four cases
(Cases 1−4) of the most polluted episodes. In total, 22
samples (13 samples from Seoul and 9 from Beijing) were
analyzed for phase states (Section S2). Samples collected from
Beijing on Dec 23, 24, 26, and 27, 2020 were excluded owing
to very low surface tension of the droplets on a hydrophobic
substrate, making them unsuitable for optical microscopy
experiments. The information on samples, their chemical
composition, and meteorological parameters (Section S3) for
Cases 1−4 is summarized in Table 1. Note that PM2.5 mass
concentrations were measured in both cities, but chemical
compositions were measured for the PM2.5 size range in Seoul
and for the PM1.0 size range in Beijing (Section S3). The
majority of the particles were in the accumulation mode (i.e.,
∼200−500 nm) in the two cities, and thus, the PM2.5 and

PM1.0 account likely for the majority of the particle mass within
the fine mode in each city.28

2.2. Morphology Observation Using Optical Micros-
copy. The morphology of PM2.5 for Cases 1−4 from Seoul
and Beijing was assessed using optical microscopy at 290 ± 1
K. Note that the temperature used for the laboratory
evaluation allows for a consistent comparison of material
properties in both cities; however, it differs from the actual
temperature which would be typical (and distinct) for each city
during winter. A detailed description of the method and
procedure of the optical microscopy has been reported in
previous work.29−31 Briefly, PM2.5 droplets deposited on the
substrate were equilibrated in a flow cell at ∼100% RH for 20
min after which the RH was reduced to ∼0% at a rate of ∼0.5%
RH min−1 by adjusting the ratio of N2 and H2O gas flows
(total flow: 500 sccm). The changes in the morphology of the
droplets were observed using an optical microscope (Olympus
BX43, 40 objective, Japan) and monitored/recorded every 10 s

Figure 1. Morphology and phase behavior of PM2.5 in Seoul and Beijing. (A) Optical images upon dehydration of PM2.5 samples were the highest
daily average concentration in Seoul and Beijing at 290 K. Illustrations are given for interpretation of the optical images. Light blue: single liquid
mixed organic/inorganic phase; green and yellow: liquid organic-rich and liquid inorganic-rich phases, respectively; red: (semi)solid inorganic-rich
phase; and dark blue: (semi)solid organic/inorganic phase. (B) Optical images at 293 K on pre-poking, poking, and post-poking of the same PM2.5
filter samples as shown in (A). The solid black scale bars in (A) and (B) indicate 20 μm.
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during the experiment using a charge-coupled device (CCD)
camera (DigiRetina 16, Tucsen, China).
2.3. Determination of (Semi)Solid Phases of PM2.5

Using the Poke-and-Flow Technique. Poke-and-flow
experiments were conducted to determine the approximate
viscosity of semisolid or solid phases, henceforth referred to as
“(semi)solid”, of PM2.5 droplets for Cases 1−4 at 293 ± 1
K.32,33 The experimental procedure of the poke-and-flow
technique has been described in detail previously.13,33−35 In
brief, a hydrophobic substrate with deposited droplets was kept
in a RH-controlled flow cell. The droplets were equilibrated at
∼100% RH, and then, the RH was reduced to ∼40% at ∼1%
RH min−1. Next, the droplets were poked by a fine needle

(Jung Rim Medical Industrial, South Korea) at ∼40, ∼30, ∼20,
∼10%, or ∼0% RH to find the RH at which the droplets
started to crack. Prior to poking, the droplets were equilibrated
for ∼1 h at the target RH. Once particles cracked upon a
poking action, they were monitored for ∼3 h to check the
occurrence of any changes due to fluid flow using a CCD
camera (Hamamatsu, C11440-42U30, Japan). If no fluid flow
was detected, the lower limit of viscosity of the sample was
defined as ∼108 Pa s,8,33,34,36 corresponding to a (semi)solid
state.5 In this study, using the poke-and-flow technique, we
could not determine the viscosity range of semisolid particles
(102 to 108 Pa s) to a more precise degree because the real-
world aerosols were supersaturated with respect to inorganic

Figure 2. Daily average chemical composition and aerosol liquid water content (ALWC) of (A) PM2.5 in Seoul and (B) PM1.0 in Beijing. The
minor ions of PM2.5 in Seoul indicate the sum of Cl−, Na+, K+, Mg2+, and Ca2+ and of PM1.0 in Beijing indicate Cl−. The daily phase state of PM2.5
filter samples as a function of relative humidity (RH) are shown in (C) and (D). The pink, yellow, and green areas represent liquid, semisolid, and
(semi)solid phase states, respectively. The black box plots in (C) and (D) represent the ambient RH in Seoul and Beijing. The boxes indicate the
mean, 25th, and 75th percentiles, and the whiskers show the minimum and maximum values. (E) and (F) show the geometric number mean
diameters (GMDN) of Aitken (20−100 nm) and accumulation (100−470 nm) mode of each hourly averaged particle size distribution for Seoul
and Beijing, respectively. Dates are arranged in order from high to low daily mean PM2.5 concentrations (black line in (A) and (B)).
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salts (e.g., ammonium sulfate) at the intermediate and low RH
levels probed.

3. RESULTS AND DISCUSSION
3.1. Observation of Morphology and Phase Behavior

of PM2.5 in Seoul and Beijing. The phase behavior and the
resulting phase state of PM2.5, collected simultaneously in
Seoul and Beijing during the winter of 2021−2022, including
high PM2.5 events in the two megacities (Cases 1−4), were
investigated. Microscopy analysis revealed different and
complex morphologies of the PM2.5 filter samples with
decreasing RH. Figure 1A shows a set of representative optical
images of morphological changes in PM2.5 upon dehydration
for the sample collected in Seoul on Dec 23, 2020, when the
PM2.5 mass concentration was the highest. The probed PM2.5
“bulk” droplet existed as a single liquid phase at >∼85% RH,
and at ∼84% RH, the droplets underwent liquid−liquid phase
separation (LLPS), leading to a core-shell morphology (Figure
1A). Such a phase separation can be explained by the range of
the average oxygen-to-carbon ratios (O:C) of organic materials
(∼0.4, Table 1 and Section S4); in laboratory studies, LLPS
commonly occurs for O:C < 0.8 when dissolved aqueous
inorganics like ammonium and sulfate ions are present.6,37,38

Interestingly, a sudden appearance of a crystal was observed at
a lower RH of ∼51% in the interior of the PM2.5 droplet
(Figure 1A), resulting in the coexistence of two liquid phases
and one solid phase, here denoted as liquid−liquid−(semi)-
solid state. Recently, Gaikwad et al.32 also observed such a
liquid−liquid−(semi)solid state of PM2.5 collected from a rural
site during winter. They inferred the (semi)solid state to be
composed of inorganic salts, such as ammonium sulfate,
ammonium nitrate, or sodium chloride, based on the shape
and the RH level of its initial occurrence during dehydration.
Huang et al.12 observed three coexisting phases in the liquid−
liquid−liquid-phase-separated aerosol particles in their labo-
ratory study involving mixtures of materials serving as proxies
for primary organic aerosol, SOAs, and SIAs. To the best of
our knowledge, this coexistence of three phases in real-world
aerosol particles has not been reported for polluted or clean
environments. Such morphological analysis of atmospheric
aerosols could provide further insights into the atmospheric
chemistry and formation/growth of particles, and additional
studies are needed in this regard. The liquid−liquid−
(semi)solid multiphase state of the Seoul PM2.5 existed until
the inorganic fraction of the particle effloresced at ∼39% RH
(Figure 1A).

The morphology and phase behavior of PM2.5 in Beijing
were much more complicated than those of PM2.5 in Seoul.
Optical images of the Beijing PM2.5 sampled during the highest
aerosol mass concentration episode, recorded upon dehy-
dration, are shown in Figure 1A. The single PM2.5 droplet at
high RH got smaller upon dehydration; however, an irregular
morphology was maintained during the dehydration process,
unlike a sphere or rounded shape observed in the samples from
Seoul (although the daily mean PM2.5 concentration was
similar in the two cities). Moreover, LLPS in the Beijing PM2.5
was not detectable in the microscopy observations even though
the O:C ratio was ∼0.4 (Table 1). This was likely due to the
irregular morphology and low surface tension of the
droplet,39,40 which was abundant in organic materials (Figures
2A,B and S3). At lower RH, crystals appeared abruptly in the
particle, and then the inorganic fraction of the particle
effloresced at ∼30% RH (Figure 1A). Similar phase behavior

and morphology of PM2.5 droplets were also observed for other
PM2.5 samples from Seoul and Beijing (Figure S4).

To examine the presence and/or onset of a (semi)solid
phase state, the poke-and-flow technique was used.13,33,34 All
PM2.5 particles, including the same PM2.5 sample as shown in
Figure 1A and S4, did crack upon poking with a needle, and no
return flow and associated shape change were observable
thereafter for ∼3 h in the optical images (Figures 1B and S5).
This process indicates a (semi)solid phase state with viscosity
values > ∼108 Pa s.8,33,34,36 It should be noted that the RH at
which the particles cracked was different in samples from Seoul
and Beijing, as shown in Figures 1B and S5, being higher for
samples from Seoul (RH range: ∼20−30%) than for those
from Beijing (RH range: ∼10−20%). This is probably due to
the greater mass fraction of inorganic substances in the Seoul
samples. The effect of inorganic salts on the phase state in
internally mixed organic/inorganic aerosol particles has been
reported previously.10,13

Based on the results of the optical microscopy and poke-
and-flow experiments, in this study, we categorized the phase
states of the bulk of PM2.5 material in Seoul and Beijing as
follows: (1) “liquid” in the cases of single liquid or liquid−
liquid-phase-separated particles, (2) “semisolid” in the case of
liquid−liquid−(semi)solid multiphase particles (although not
all phases were necessarily semisolid), and (3) “(semi)solid” in
the case of semisolid or more likely solid particles.

Summarized in Figure 2A−D are the chemical compositions
(PM2.5 for Seoul and PM1.0 for Beijing) and phase states of the
PM2.5 over the whole RH range defined by the three categories
in the two cities. In this figure, dates are arranged in order from
high to a low daily average of mass concentration of PM2.5. In
Seoul, the PM2.5 was in the liquid state for RH > ∼68%, in the
semisolid state for ∼27% < RH < ∼68%, and in the
(semi)solid state for RH < ∼27% on average during Cases
1−4, with some variations on each date (Figure 2C). In
Beijing, the PM2.5 was in the liquid-phase state for RH >
∼68%, in the semisolid state for ∼14% < RH < ∼68%, and in
the (semi)solid state for RH < ∼14% during Cases 1−4
(Figure 2D). The RH range for the liquid-phase state was
similar in the two cities, but that for a physical state categorized
as being at the boundary of (semi)solid was higher in Seoul
than in Beijing.
3.2. Comparison of the Phase States of PM2.5 in Seoul

and Beijing. To characterize the phase state of the PM2.5 in
the urban atmosphere in Seoul and Beijing during the
measurement period, we first compared the determined
phase states to the ambient RH recorded in the cities. Figure
2C,D shows box plots of daily ambient RH ranges for the two
cities. The boxes indicate the daily mean, 25th, and 75th
percentiles, and the whiskers represent the minimum and
maximum. The daily mean ambient RH was remarkably
different in the two cities, being ∼65.0 ± 10.3% in Seoul and
∼29.1 ± 6.4% in Beijing during Cases 1−4. The phase state of
the bulk of PM2.5 from the two megacities was determined
based on the ambient RH (mean value of the box plot in
Figure 2C,D, and Table 1) and from the measured phase states
of PM2.5 as a function of RH at 290−293 K (see Section 3.1).
During that winter, PM2.5 existed in a liquid or semisolid phase
state in Seoul but was semisolid or (semi)solid in Beijing. The
results indicate significantly different phase states in the two
urban environments. This observation clearly suggests that the
PM2.5 in Seoul has a lower viscosity than that of the PM2.5 in
Beijing when evaluated at the same temperature. We also
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compared this finding using a different technique that of
impactor-based rebound experiments in the field at ambient
conditions, as described in the Supporting Information
(Section S5). As shown in Figure S6A,B, the phase states on
each date in Beijing determined using the two different
techniques were in good agreement although the particle size
ranges were different (PM2.5 vs ∼300 nm).

Liu et al.25 showed that ambient particles monitored in
Beijing had a (semi)solid-like behavior during winter based on
the rebound fraction measurement, which is similar to the
observations in the present study. Based on the results of a
laboratory study, Song et al.41 inferred a long mixing time
(>100 h) within toluene-derived SOA in Beijing using the
viscosity and employing the Stokes−Einstein equation.
Notably, the phase state of PM2.5 was significantly different
on polluted and clean days in Seoul: the liquid state was
dominant on polluted days, whereas the semisolid phase state
was dominant on clean days (Figure 2C). On polluted days in
Seoul, high RH, with average values > ∼73%, was observed
(Table 1). Such conditions, with RH greater than deliques-
cence of ammonium nitrate42 (which was the major compound
in PM2.5 on polluted days in this study, Figure S3A), could
accelerate chemical reaction with surrounding gas molecules
leading to enhanced PM2.5 mass concentration.

The phase states of particles are primarily sensitive not only
to RH but also to the chemical composition.24,43,44 Using the
chemical composition and meteorological parameters, we
calculated the ALWC for the two cities (Section S6). Figure

3A,B shows the ALWC/PM2.5 and ambient RH in Seoul and
Beijing, respectively. The ALWC/PM2.5 increased with the RH
in both the cities (the ALWC was much higher at the Seoul
site (19.9 ± 19.7 μg/m3), compared with that at the Beijing
site (3.8 ± 2.8 μg/m3), Table 1). The relationship between the
inorganic fraction, ALWC, and phase state of PM2.5 is
displayed in Figure 3C,D. When the inorganic fraction was
greater than ∼0.7, the ALWC/PM2.5 was significantly
increased and the particles were in the liquid state. In Seoul,
PM2.5 tended to be liquid-like because the inorganic fraction
and ALWC/PM2.5 were enhanced. This indicates that the
abundant ALWC lowered the viscosity of the PM2.5, forming a
liquid phase during winter. Liu et al.24 also observed this phase
behavior at a coastal region; they showed that atmospheric
aerosol was predominantly in the liquid phase under high
ambient RH and ALWC, with an abundance of inorganic ions.
A recent study by Gkatzelis et al.45 focused on the phase state
and SOA pollution in Beijing during winter and reported a
relationship between SOA, phase states, and ALWC. They
showed that 15−25% of the SOA mass was enhanced by the
gas-to-particle partitioning on liquid particles during the
organic particulate pollution. More studies are needed to
explore how a phase state of organic aerosols derives PM2.5
pollution.

In addition to RH and the aerosol composition, the phase
state can also strongly depend on temperature.14,44,46,47

Kasparoglu et al.14 showed that the viscosity of sucrose
solution increased by 2−3 orders of magnitude for a 20 K

Figure 3. Hourly aerosol liquid water content (ALWC)/PM2.5 as a function of ambient relative humidity (RH) in (A) Seoul and (B) Beijing during
Cases 1−4. Daily ALWC/PM2.5 as a function of the inorganic mass fraction of (C) PM2.5 in Seoul and (D) PM1.0 in Beijing. Phase states of the bulk
of PM2.5 determined at 290−293 K are also included. The error bars of x- and y-axis in (C) and (D) are from the standard deviation of hourly data
of inorganic mass fraction and ALWC/PM2.5.
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decrease in temperature. In this study, the average ambient
temperature was ∼270 ± 6 K in Seoul and ∼269 ± 4 K in
Beijing during the study period, which is relatively lower than
the experimental temperature. This indicates that the viscosity
of PM2.5 maybe is higher in Seoul and Beijing. However, the
effect of temperature on the viscosity and phase state of real-
world PM has not been studied. For this reason, we have
limited the current analysis to the experimental temperature of
∼290 K. Further studies are warranted to determine the effect
of temperature on the phase state of PM2.5.
3.3. Effect of Phase States on the Size Distribution of

Particles. Several recent laboratory and modeling studies have
shown that the phase state of particles can affect the particle
size distribution.18,19,48,49 Liquid particles can enable the
accommodation and partitioning of gas molecules into the
entire particle volume with a rapid uptake/reaction of
atmospheric gas molecules. Specifically, liquid particles can
grow easily in the accumulation mode with the instantaneous
equilibrium regardless of their size. In contrast, in the case of
solid particles, the process is different that gas molecules can
only be partitioned onto their surface. (Semi)solid particles can
resist growth in the accumulation mode due to severe diffusion
limitation, whereas in the Aitken mode, they may grow
relatively quickly because the diffusion time scale depends on
the square of the particle diameter.49

We investigated whether the phase states of PM2.5
influenced particle size distribution in Seoul and Beijing
(Section S7). Figure S7 illustrates the particle number and
volume size distributions of PM2.5 (20−470 nm) with 5 min
time resolution in Seoul and Beijing during the entire
measurement period. To compare the characteristics of
PM2.5 growth in the Aitken (20−100 nm) and accumulation
(100−470 nm) modes based on the phase states of PM2.5 in
the two cities, the geometric number mean diameter (GMDN)
of the two modes was calculated from the particle number size
distribution (details are given in Section S7).

Shown in Figure 2E,F are the plots for the daily average
GMDN of the Aitken (20−100 nm) and accumulation (100−
470 nm) modes in Seoul and Beijing, respectively. In Seoul, in
the liquid phase of the bulk of PM2.5, the mean GMDN of the
accumulation mode was clearly higher compared to that of the
semisolid phase state (Figure 2E). This infers that liquid
aerosol particles grew easily with fast equilibrium between
surrounded gas molecules and the liquid droplet, resulting in
the enhanced GMDN of the accumulation mode. The higher
average GMDN on PM2.5 polluted days in Seoul was presumed
to be due to particle growth caused by various processes of
active chemical reactions, condensation, or coagulation in the
liquid phase. In contrast, in Beijing, no obvious variation of the
average GMDN in the accumulation mode was observed in the
semisolid PM2.5, which was predominant on most days (Figure
2F). This is likely due to insufficient growth conditions that
slowed chemical reactions occurring on the surface and/or less
gas-phase oxidation of organic and subsequent portioning to
semisolid particles.50,51 This is consistent with previous
calculations that have shown a similar decrease in geometric
mean particle size (or volume) of accumulation mode for cases
of more viscous particles.18,19,48,49,52 In the Aitken mode, a
remarkable variation of the mean GMDN on the different phase
states was not observed in either city (Figure 2E,F). This is
attributed to the averaged measurement data of PM2.5, which
were largely influenced by the accumulation mode particles.
Thus, the phase states of the PM2.5 would be effective for the

accumulation mode particles and not for the nucleation mode
particles. A similar pattern was observed for the geometric
volume diameter (GMDV) of the two modes for both cities
(Figure S8).

Herein, we reveal the range of phase states of PM2.5 in two
megacities of northeast Asia and their impact on the particle
size distribution in the accumulation mode based on field
measurements during winter. Prevailing ambient temperature
and RH could also impact the size distribution, which in turn
would impact the phase state. Thus, further studies are needed
to confirm this pattern under different environmental
conditions, including different seasons.
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