
 
 

 

 
 

Volatility Dependence of the Aerosol Size Distributions of Nonpolar Organic Compounds
A Case Study in Shanghai
Lyu, Yan; Li, Xiang

Published in:
Journal of Geophysical Research: Atmospheres

Published: 27/06/2020

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1029/2019JD031894

Publication details:
Lyu, Y., & Li, X. (2020). Volatility Dependence of the Aerosol Size Distributions of Nonpolar Organic
Compounds: A Case Study in Shanghai. Journal of Geophysical Research: Atmospheres, 125(12),
[e2019JD031894]. https://doi.org/10.1029/2019JD031894

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/volatility-dependence-of-the-aerosol-size-distributions-of-nonpolar-organic-compounds(b8d0d9ec-461c-4310-9d11-36e5acdfa412).html
https://doi.org/10.1029/2019JD031894
https://scholars.cityu.edu.hk/en/publications/volatility-dependence-of-the-aerosol-size-distributions-of-nonpolar-organic-compounds(b8d0d9ec-461c-4310-9d11-36e5acdfa412).html
https://scholars.cityu.edu.hk/en/publications/volatility-dependence-of-the-aerosol-size-distributions-of-nonpolar-organic-compounds(b8d0d9ec-461c-4310-9d11-36e5acdfa412).html
https://scholars.cityu.edu.hk/en/journals/journal-of-geophysical-research-atmospheres(ef87102d-e436-4630-8147-e0ac14b03ae7)/publications.html
https://doi.org/10.1029/2019JD031894


Volatility Dependence of the Aerosol Size Distributions
of Nonpolar Organic Compounds: A Case
Study in Shanghai
Yan Lyu1,2 and Xiang Li1,3

1Shanghai Key Laboratory of Atmospheric Particle Pollution and Prevention (LAP3), Department of Environmental
Science and Engineering, Fudan University, Shanghai, China, 2Now at School of Energy and Environment, City
University of Hong Kong, Hong Kong, 3Shanghai Institute of Pollution Control and Ecological Security, Shanghai, China

Abstract The aerosol size distribution of organic compounds is one of the fundamental characteristics
that regulates their atmospheric deposition and environmental fate. In this study, we characterized the
organic components (mostly nonpolar organic compounds) in size‐resolved particles, with a focus on
polycyclic aromatic hydrocarbons (PAHs), oxygenated PAHs (O‐PAHs), n‐alkanes, and polybrominated
diphenyl ethers (PBDEs), in the urban Shanghai atmosphere during a 1‐year sampling period using gas
chromatography (GC) coupled to tandem mass spectrometry (GC‐MS/MS) and two‐dimensional GC with a
flame ionization detector (GC × GC‐FID). These compounds ranged from volatile organic compounds
(VOCs) to extremely low volatility organic compounds (ELVOCs). We related their aerosol size distributions
with their volatilities. On average, high positive correlations (p < 0.01) were observed between the size
distribution characteristics (e.g., geometric mean diameter [GMD] and mass fraction in coarse particles) and
volatility (logarithmic value of the saturation mass concentration, log C*) for the compounds that we
examined. A higher ambient temperature tends to increase the slope of the regression line between size
distribution and volatility (log C*). Further dry deposition modeling of size‐resolved particles showed a
positive correlation (p < 0.01) between the bulk dry deposition velocity and GMD and between the bulk
dry deposition velocity and volatility of the target compounds, indicating that low‐volatility organic
compounds have a lower dry deposition velocity and are more likely to be transported to remote areas if they
do not have a short half‐life in the atmosphere.

1. Introduction

Atmospheric aerosol particles absorb and scatter radiant energy in the atmosphere (Jacobson, 2001). They
contribute considerably to the uncertainties regarding radiative climate forcing (Bond et al., 2013) and have
serious impacts on human health (Nel, 2005). Among particulate matter (PM) components, organic matter
typically contributes approximately 10–30% of the total particle mass and makes up even larger fractions
(20–90%) of submicron particulate mass (Murphy et al., 2006; Zhang et al., 2007). Organic compounds range
from volatile organic compounds (VOCs) to extremely low volatility compounds (ELVOCs), which partici-
pate in various chemical and physical processes; for example, ELVOCs are known to drive initial particle
growth (Trostl et al., 2016).

The aerosol size distribution of organic compounds affects their atmospheric dry deposition and respiratory
deposition and thus determines their environmental fate and health risks (Gao et al., 2019; Lyu et al., 2018;
Zhang et al., 2001). The concentration, composition, and size distribution vary highly both temporally and
spatially, and aerosol size distribution dynamics depend on the complex interplay among organic volatility,
particle‐phase diffusivity, and reactivity, all of which are highly uncertain in the ambient environment
(Zaveri et al., 2014). Numerous field studies examining the size distribution of organic compounds have indi-
cated that factors such as sources and gas‐particle partitioning significantly influence the aerosol size distri-
bution of organic compounds in the ambient environment (Bi et al., 2005; Yu & Yu, 2012). However, these
studies invariably focused on one or two specific chemical groups (e.g., polycyclic aromatic hydrocarbons
[PAHs] and n‐alkanes). Allen et al. (1997) found that the molecular weight of O‐PAHs tends to be associated
with their distribution across differently sized particles. In particular, the mass concentrations of O‐PAHs
with molecular weights between 168 and 208 g mol−1 were approximately evenly distributed between fine
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(<2 μm) and coarse (>2 μm) particles, while O‐PAHs withmolecular weights of 248 gmol−1 and higher were
associated with the fine fraction. Offenberg and Baker (1999) related the geometric mean diameter (GMD) of
PAHs and their logarithmic subcooled liquid vapor pressure (log po L). A recent study also presented a cor-
relation between the GMD and log po L values of polybrominated diphenyl ethers (PBDEs; Lyu et al., 2016).
In general, GMD increases with an increase in the volatility of organic compounds. These studies indicate
that the aerosol size distribution of organic compounds may be correlated with their volatility. Donahue
et al. (2006) developed a classification method lumping together organic compounds based on their satura-
tion mass concentration (C*) and further presented a unified framework, a two‐dimensional volatility basis
set (VBS) that deployed C* and the oxygen content (O:C) to describe the volatility, thermodynamics, and che-
mical evolution of organic aerosols (Donahue et al., 2011). Such analyses enable processes such as the par-
titioning of semivolatile organic compounds (SVOCs) to be described self‐consistently, accounting for
relevant behaviors with respect to the temperature and varying organic aerosol loading and may provide a
new alternative to investigate the relationships among the aerosol size distribution, volatility and other fac-
tors (e.g., emission sources and temperature).

In this study, we conducted a 1‐year sampling campaign to collect size‐resolved aerosol particles from the
urban Shanghai atmosphere, characterize their organic contents (mostly nonpolar organic compounds)
using gas chromatography (GC) coupled to tandem mass spectrometry (GC‐MS/MS) and GC × GC‐flame
ionization detector (FID), including 16 PAHs, 6 O‐PAHs, 30 N‐alkanes, and 13 PBDEs, and analyze the rela-
tionships between the aerosol size distributions of these organic compounds and their volatility. Key factors,
such as emission sources and environmental conditions (temperature), were examined mainly in terms of
ambient measurements in this study.

2. Materials and Methods
2.1. Sampling and Extraction

Shanghai is in the subtropical monsoon climate zone and is mainly influenced by seasonal monsoon circu-
lations, characterized by a southeast monsoon in summer and a northwest monsoon in winter. The sampling
site was located on top of a five‐floor teaching building (20 m above the ground) at the Handan campus of
Fudan University in Yangpu District, Shanghai. Each batch of size‐resolved aerosol particles was collected
using an eight‐stage nonviable.

Anderson Cascade Impactor (Tisch Environmental Inc., Cleves, Ohio, USA) within nine size ranges (< 0.4,
0.4–0.7, 0.7–1.1, 1.1–2.1, 2.1–3.3, 3.3–4.7, 4.7–5.8, 5.8–9.0 and >9.0 μm) at a flow rate of 28.3 L min−1 for five
consecutive days (120 hr) during the sampling campaign in 2012–2013 (Table S5 in the supporting informa-
tion). The quartz fiber filters (QFFs, 81 mm, Whatman, GE Healthcare Life Sciences, UK) used for particle
collection were prebaked at 450°C for 12 hr to remove any organic residues before sampling. In total, 21
batches, including 189 (21 × 9) samples (9 samples for each batch) and three field blanks (collected at the
beginning, middle, and end of the sampling campaign), were obtained in this study (Table S5). Both pre-
baked and loaded QFFs were weighed using an electronic balance after a 24‐hr equilibrium period at
20°C and 40% relative humidity (RH). The collected particle masses are determined as the differences
between prebaked and loaded QFFs. The loaded QFFs were stored in a freezer (−24°C) until further extrac-
tion. Further details on the sampling campaign are described in previous studies (Lyu et al., 2016, 2017).

Prior to chemical analysis, the collected aerosol particles (189 samples) and three field blanks were
Soxhlet‐extracted separately at 69°C for 36 hr using a mixture of 30‐ml dichloromethane and 30‐ml n‐
hexane. The extracts were then filtered using 0.45‐μm polytetrafluoroethylene (PTFE) pore syringe filters,
rinsed with dichloromethane, and finally reduced to ~2 ml using a rotary evaporator (BÜCHI
Corporation, Flawil, Switzerland) with gentle nitrogen (N2, high‐purity) blowing. The resulting extracts
were finally stored in the freezer until further chemical analysis. Table S1 shows the physiochemical proper-
ties of the target compounds (e.g., PAHs, O‐PAHs, n‐alkanes, and PBDEs).

2.2. Instrumental Analysis
2.2.1. GC‐MS/MS
PAHs, O‐PAHs, PBDEs, and long‐chain n‐alkanes (C21 –C40) were quantified using a gas chromatograph
coupled to a triple quadrupole mass spectrometer (GC‐MS/MS, 7890A‐7000B, Agilent Technologies Inc.,
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Santa Clara, CA, USA) operated in electron impact (EI) mode using multiple reaction monitoring (MRM).
Prior to MRM, a full scan was adopted to analyze the parent ions of standard target compounds, and then,
a product scan was used to select their product ions. Finally, the collision energy was optimized to obtain the
highest MS signals. Both parent ions and paired product ions were applied in the MRM procedure to quan-
tify the target compounds. Different target compounds usually have different parent ions and paired product
ions (Table S6), which enable better identification and quantification. Helium (He, ultrahigh purity:
99.999%) was used as the carrier gas and nitrogen (N2) was applied as the collision gas in the MS system.

The separation of both PAHs and O‐PAHs was achieved with an HP‐5MS capillary column
(30 m × 0.25 mm × 0.25 μm; J&W Scientific, Folsom, California, USA). The injector, ion source, and transfer
line were kept at 310°C, 300°C, and 310°C, respectively. The GC oven temperature was programmed to
increase from 70°C (held for 1 min) to 280°C at 15°C min−1 and then further increased to 310°C at
5°C min−1 with a 1‐min hold. The carrier gas flow in the column was kept at 1.2 ml min−1. The GC separa-
tion of PBDEs was performed with a DB‐5MS capillary column (15 m × 0.25 mm × 0.25 μm; J&W Scientific,
Folsom, California, USA). The GC oven was programmed to increase from 150°C to 315°C at 12°C min−1

with a final 2‐min hold. The method details for PBDE quantification can be found in Lyu et al. (2016).
The separation of long‐chain n‐alkanes (C21 –C40) was carried out using an HP‐5MS capillary column
(30 m × 0.25 mm × 0.25 μm; J&W Scientific, Folsom, California, USA). The GC oven was held at 140°C
for 2 min, increased to 315°C at 10°Cmin−1, and finally held at 315°C for 4 min. The target compounds were
identified by comparison of their mass spectra and retention times to those of the standards and externally
quantified using the calibration curves of the standards.
2.2.2. GC × GC‐FID
Two‐dimensional GC with a FID (GC × GC‐FID, Agilent Technologies Inc., Santa Clara, CA, USA) is conve-
nient for the separation of compounds from highly complex sample matrices (e.g., ambient samples) (Xu
et al., 2015). Here, we applied this technique to analyze short‐chain n‐alkanes (C8–C18, except C13) in ambi-
ent aerosol samples. GC separation was achieved using a DB‐5HT (30m× 0.25mm× 0.1 μm; J&W Scientific,
Folsom, California, USA) as the first‐dimension column and a DB‐17HT (5 m × 0.25 mm × 0.15 μm; J&W
Scientific, Folsom, California, USA) as the second‐dimension column. The two columns were connected
by a flowmodulator (Agilent Technologies Inc., Santa Clara, CA, USA). Themodulation time, sampling time
and injection time were set at 1.5, 1.4 and 0.1 s, respectively. The hydrogen (H2, carrier gas) flows in the first‐
and second‐dimension columns were 0.8 and 23mlmin−1, respectively. The GC oven programwas set as fol-
lows: a constant temperature of 40°C for 3 min, followed by an increase to 265°C at 15°C min−1. The injector
and detector were kept at 280°C and 330°C, respectively. For quantification, the peak volumes of the target
n‐alkanes were integrated and externally calibrated using a standard mixture (C8–C18, except C13, 0.1–
10 μg/ml). The final concentrations were determined using the calibration curve based on the peak volume.
The data were processed using GC Image software (v.2.1, Zoex Corporation, Houston, Texas, USA).

2.3. Quality Control and Assurance

One solvent blank was analyzed along with every batch of samples to ensure no contamination from the
laboratory and equipment. No target compounds were observed in the solvent blanks. Three field blanks
were extracted and analyzed using the same method. The target compounds (e.g., PAHs, n‐alkanes and O‐
PAHs) in the field blanks were found to have a concentration level below 7% of the mean concentrations
in the samples. The target compounds in aerosol samples were measured in triplicate, and the standard
deviation of the concentration was <20%. Spike tests using the standard mixture of the target compounds
(e.g., PAHs and n‐alkanes) were performed to estimate the recovery rates of the target compounds in the
sample preparations before instrumental analysis. The recoveries were determined in three independent
spike tests and ranged from 72% to 175% for the target compounds (PAHs: 70–100%; O‐PAHs: 95–115%; n‐
alkanes: 72–105%; PBDEs: 75–175%). The reported concentrations of the target compounds in this study
have been corrected by the field blanks and recoveries. More details about the quality control and assurance
procedures can be found in Lyu et al. (2016, 2017).

2.4. Saturation Mass Concentration (C*)

The VBS is widely used to simplify the complexity of organic compounds generated in the laboratory or from
the ambient environment to describe the volatility, thermodynamics, and chemical evolution of organic
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aerosols. Organic compounds are lumped into volatility size bins based on their saturation mass concentra-
tion (C*, μg m−3), which is given by the following equation (Donahue et al., 2006):

C*¼106Mp0= 760RTð Þ

where M is the molar mass (g mol−1) of the target compounds, p0 is the saturation vapor pressure (atm),
R is the ideal gas constant (8.205 × 10−5 atm K−1 mol−1 m3), and T is the temperature (K). In this
study, we adopted this approach to depict the volatility of the target compounds. The values of M
and p0 are listed in Table S1. The target compounds are grouped into (1) VOCs (C* > 3 × 106 μg m−3),
(2) intermediate‐volatility organic compounds (IVOCs; C* = 300–3 × 106 μg m−3), (3) SVOCs (C* = 0.3–
300 μg m−3), (4) low‐volatility organic compounds (LVOCs; 3 × 10−4 < C* < 0.3 μg m−3), and (5) ELVOCs
(C* < 3 × 10−4 μg m−3) (Donahue et al., 2011). It should be noted that the definition of VOCs in this study
is different from that in method TO‐15 for VOC analysis suggested by the U.S. Environmental Protection
Agency (EPA), in which VOCs are defined as organic compounds that have a vapor pressure greater than
0.1 Torr at 25°C and 760 mm Hg (Environmental Protection Agency (EPA), 1999).

The values of C* depend on temperature and can be estimated by assuming that the vapor pressure varies
according to the Clausius‐Clapeyron equation (Cappa & Jimenez, 2010):

C* Tð Þ¼C* Tref
� � Tref

T

� �
e

−
ΔHvap

R
1
T−

1
Tref

� �h i

where Tref represents the temperature of the reference and ΔHvap is the enthalpy of vaporization. ΔHvap

(kJ mol−1) values can be approximated by C*, as there is an almost linear relationship between logC*
300

and ΔHvap, as follows (Epstein et al., 2010):

ΔHvap¼−11 logC*
300 þ 129

where C*
300 is the saturation mass concentration at a temperature of 300 K. Finally, we adopted a

temperature‐dependent C* to represent the volatility of the organic compounds and to relate their size dis-
tributions to their volatilities.

2.5. Size Distribution Characteristics

To describe the size distribution characteristics of the organic compounds, their GMD values were calculated
using the following equation (Sanderson & Farant, 2005):

logGMD¼∑Cilog Dpi=∑Ci

where Ci is the concentration of the target compounds collected at impactor stage i and Dpi is the GMD of
particles collected at impactor stage i. In addition, the mass median aerodynamic diameter (MMAD) values
were calculated using the approach suggested by the International Organization for Standardization, which
uses two values (one above 50% and the other below the 50% cumulative value) to plot the line. The intersec-
tion of this line with the 50% cumulative value is calculated as the MMAD value.

2.6. Dry Deposition

The size‐resolved dry deposition velocity (Vd, m s−1) was calculated according to Zhang et al. (2001):

Vd¼Vg þ 1= Ra þ Rsð Þ

where Vg (m s−1) is the gravitational settling velocity, Ra (s m
−1) is the aerodynamic resistance above the

canopy, and Rs (s m
−1) is the surface resistance depending on the collection efficiency of the surface and

determined by various deposition processes (i.e., Brownian diffusion, impaction, and interception) and
other factors (e.g., particle size, atmospheric conditions, and surface properties). Some parameters (e.g.,
collection efficiency of the surface) in the estimation of Rs are influenced by the land use category (LUC,
e.g., urban, desert, or trees), as different LUCs provide different surface properties, and we adopted the
“urban” type as the LUC in this study. The details can be found in Zhang et al. (2001).
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3. Results and Discussion
3.1. Meteorological Parameters

During the sampling campaign, the daily temperature ranged from 4.1°C to 34.6°C, with an average value of
18.4 ± 9.5°C. The temperature contrast between the seasons was distinct, with a higher value in summer
(28.8°C), a lower value in winter (7.6°C), and intermediate values in spring and autumn (17.1°C and
18.3°C, respectively). The daily RH varied from 44.0% to 85.4%, with an annual mean value of
67.8 ± 11.5%. The seasonal variation in RH was moderate, with seasonal averages of 64.3%, 68.1%, 61.5%,
and 76.3% in spring, summer, autumn, and winter, respectively. The total concentration of particles ranged
from 54.8 to 209.6 μg m−3 during the sampling campaign, with an average of 122.8 ± 40.6 μg m−3. Fine par-
ticles (<2.1 μm) accounted for more than half of the overall particle mass loading, which is higher than the
daily Grade I standard of PM10 (50 μg m−3) established by the Chinese government. The variation in aver-
age particle concentration was moderate in spring, autumn and winter (130.7, 134.1, and 135.6 μg m−3,
respectively), indicating that haze events are not confined to the winter season. There is frequent rainfall
occurring in June, resulting in a decrease in particle concentration (96.8 μg m−3) due to scavenging by
wet deposition.

3.2. Abundance of Organic Compounds

The target compounds in this study include 16 PAHs, 6 O‐PAHs, 13 PBDEs, and 30 n‐alkanes (Table S1).
Their total concentrations accounted for 0.2 ± 0.1% of the PM mass. Among the target compounds,
n‐alkanes were the most abundant species (227.6 ± 84.3 ng m−3), followed by PAHs (48.7 ± 7.9 ng m−3),
O‐PAHs (19.1 ± 5.2 ng m−3), and PBDEs (86.3 ± 27.4 pg m−3). The n‐alkane levels in this study were above
those measured at island sites in East Asia (e.g., Korea and Japan) (Simoneit et al., 2004) but much lower
than those at urban or traffic sites in India (Chowdhury et al., 2007) and Greece (Karanasiou et al., 2007)
(Table S2). For PAHs, their levels in other countries (e.g., United States, Germany, and India) ranged from
0.85 to 59.8 ng m−3, which are lower than those in Beijing (143 ng m−3) and Xi'an (87 ng m−3) (Table S2).
The levels of O‐PAHs and PBDEs in this study were both higher than those measured in Europe and
North America regardless of the site type (e.g., urban, traffic, or residential) but lower than those in other
cities in China (Table S2).

The concentrations of the target compounds in each impactor stage are shown in Figure 1, along with their
calculated cumulative percentages (Table 1). The contributions of fine or coarse particles were further calcu-
lated based on the cumulative percentages. PAHs and n‐alkanes tended to be rich (more than 57%) in fine
particles (<2.1 μm), while PBDEs had high contributions (more than 55%) in coarse particles (>2.1 μm)
(Table 1). The average cumulative percentages of PAHs (61.4%), n‐alkanes (57.2%), and O‐PAHs (50.1%)
in fine particles of the urban Shanghai atmosphere were higher than those of PBDEs (45.3%). In general, fine
particles were mainly derived from primary sources (such as combustion) and secondary reactions in the
atmosphere, while coarse particles primarily emerged from physical processes, such as the resuspension
of surface dust and soil particles by wind action (Seinfeld & Pandis, 2016). The different size‐dependent char-
acteristics of each class of compounds can be partly ascribed to their different sources. PAHs are primarily
considered combustion products, and they likely reside in fine particles. Our recent study showed that
n‐alkanes had main contributions from anthropogenic activities and were less affected by biogenic sources
(e.g., plant wax) based on source indices (e.g., carbon preference index) (Lyu et al., 2017). Wang et al. (2009)
also reported that 77–86% of n‐alkanes and 93–94% of PAHs are in the fine particle (<2.1 μm) fraction in
urban cities. On the other hand, PBDEs are widely used as flame retardants in various textiles and consumer
products (such as plastics and polymers) (de Wit, 2002) and are more likely to enter the atmosphere by vola-
tilization from these products (Besis & Samara, 2012), which may be associated with coarse particles.

Figure S3 presents the concentrations of the individual target compounds in each class (PAHs, O‐PAHs,
PBDEs, and n‐alkanes) at each impactor stage. The cumulative percentages in fine particles for individual
target compounds ranged from 17% to 100%, with an average value of 55 ± 13%. Among them, IPY
(indeno[1,2,3‐cd]pyrene), AQ (9,10‐anthracenequinone), C25 (pentacosane) and BDE‐99 (2, 2′4, 4′, 5‐pen-
tabromodiphenyl ether) were the most abundant compounds in each class, with concentrations of 4.9, 5.2,
27.8 ng m−3 and 31.8 pg m−3, respectively. Their calculated cumulative percentages in fine particles were
in the following order (Table S2): IPY (74.3%) > C25 (62.1%) > BDE‐99 (57.2%) > AQ (47.4%). IPY is a
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six‐ring PAH and mainly originates from incomplete combustion processes (e.g., traffic emission) (Bostrom
et al., 2002). As an important precursor of AQ, ANT is highly reactive with hydroxyl radicals (Keyte
et al., 2013). Other than combustion processes, AQ may be formed abundantly through secondary
processes. Emissions from gasoline vehicles are dominated by n‐alkanes (C14–C29), with Cmax at C18 and
C25 (Schauer et al., 2002). Increased emissions of C25 from lubricating oil (Sakurai et al., 2003) have also
been observed in light‐duty diesel trucks under certain operating conditions (Brandenberger et al., 2005).

3.3. Size Distribution and Volatility

To investigate the influence of the volatility of the target compounds on their size distribution, we calculated
the average GMD and C* values of individual target compounds. The target compounds are grouped into
ELVOCs, LVOCs, SVOCs, IVOCs, and VOCs according to their respective C* values. As shown in
Figure 2, there are high positive correlations observed between log C* and GMD (r = 0.64, p < 0.01) and
between log C* and mass fraction in coarse particles (MFCP, r = 0.71, p < 0.01) in the urban Shanghai atmo-
sphere. The relationship between the size distribution and volatility may imply that the Kelvin effect plays a

Figure 1. Aerosol size‐dependent concentrations of different classes of organic compounds during a 1‐year (2012–2013)
sampling campaign in the urban Shanghai atmosphere.

Table 1
Cumulative Percentages (%) of the Target Compounds (PAHs, O‐PAHs, n‐alkanes, and PBDEs) at Each Stage of the
Impactor in Urban Shanghai Atmosphere

Particle size range (μm)

<0.4 0.4–0.7 0.7–1.1 1.1–2.1 2.1–3.3 3.3–4.7 4.7–5.8 5.8–9.0 >9.0

PAHs 14.5 30.1 46.3 61.4 69.7 76.9 83.3 90.9 100
O‐PAHs 12.4 25.1 38.0 50.1 60.0 69.9 79.8 89.5 100
N‐alkanes 13.7 28.2 43.8 57.2 66.4 74.0 81.3 90.2 100
PBDEs 9.3 20.3 33.4 45.3 53.3 64.8 71.2 85.4 100
IPYa 17.7 36.9 56.5 74.3 80.0 84.3 87.7 93.0 100
AQb 13.1 25.1 36.3 47.4 57.2 67.7 78.3 88.4 100
C25

c 14.5 29.9 47.6 62.1 71.3 78.0 84.9 91.8 100
BDE‐99d 13.7 28.2 43.8 57.2 66.4 74.0 81.3 90.2 100
a

Indeno[1,2,3‐cd]pyrene.
b

9,10‐anthracenequinone.
c

Pentacosane.
d

2,2′4,4′,5‐pentabromodiphenyl ether.
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role in the size distribution of organic compounds. The saturation vapor pressure over a curved surface (esc)
is much greater than the saturation vapor pressure over a flat surface of pure water (es), and highly volatile
compounds may not be able to overcome the Kelvin effect to partition into small particles (Winkler
et al., 2012). The Kelvin effect is important only for nanoparticles (~10 nm), as the esc value is much greater
than es until the particle size approaches 10 nm. While our ambient size measurements have relatively low
resolution (the particle sizes are mainly in μm), nanoparticles can undergo coagulation with large particles
to form larger particles. This process may ultimately cause highly volatile compounds to be more likely
observed in coarse particles and low‐volatility compounds to be more likely associated with fine particles.
This relationship is in accordance with a wide array of studies on the size distribution of organic compounds
(e.g., PAHs, n‐alkanes, and PBDEs) conducted all over the world, including Boston (Allen et al., 1996),
Chicago (Offenberg & Baker, 1999), Guangzhou (Bi et al., 2005), and Thessaloniki (Besis et al., 2015).
Several processes (e.g., repartitioning and dry deposition) can alter the size distribution in the ambient atmo-
sphere. For example, organic compounds in particles can evaporate into the atmosphere and subsequently
attach themselves to particles of different sizes via the repartitioning process in the course of atmospheric
aging. The efficient dry deposition of coarse particles during atmospheric transport will decrease the GMD
values. Since highly VOCs are enriched in coarse particles, the decrease in their GMD values can be faster
than that of low‐volatility compounds. These two processes exert counteracting influences on the size distri-
bution and, if coacting, may only result in minor overall changes in GMD values. In addition, the physical
properties of particles (e.g., viscosity) can influence the size distribution, as kinetic limitations exist in vis-
cous and/or solid particles, which affect the mass transfer of organic compounds among different‐sized par-
ticles (Shrivastava et al., 2017).

Figure 3 presents the regression analysis between log C* and the size distribution characteristics (GMD or
MMAD) of PAHs, n‐alkanes, and PBDEs, together with the regression equations and correlation coefficients
presented in Table S3. Different classes of organic compounds have distinct sources. For example, PAHs
mainly originate from anthropogenic sources; n‐alkanes originate from both anthropogenic activities and
biogenic sources. Here, we aimed to examine the effects of the sources on the size distributions. The results
of this study were compared with calculated data from available references (Besis et al., 2015; Bi et al., 2005;
Offenberg & Baker, 1999). O‐PAHs are grouped into PAHs as total polycyclic aromatic hydrocarbons
(TPAHs) in this study. Positive correlations were also observed between log C* and GMD (r = 0.65–0.82)
for all target compounds in this study (Figure 3a). Notably, low‐volatility n‐alkanes with high carbon

Figure 2. Regression analysis between log C* and (a) the geometric mean diameter (GMD) and between log C* and (b) the mass fraction in coarse particles
(MFCP) in the urban Shanghai atmosphere. The calculation of C* was based on the average temperature (19°C) during the sampling campaign. The target
compounds are grouped into ELVOCs, LVOCs, SVOCs, IVOCs, and VOCs according to their respective C*. TPAHs include PAHs and O‐PAHs. MFCP is calculated
as the ratio of the mass concentration in coarse particles (>2.1 μm) to total particles.
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numbers have larger GMD values (Figure 3a). n‐alkanes can originate from both plant wax and fossil fuel
combustion (Brown et al., 2002; Simoneit, 1989), which are dominated by low‐volatility (>C25) and highly
volatile (≤C25) alkanes, respectively. Lyu et al. (2017) reported that particle‐bound n‐alkanes in the
Shanghai atmosphere were less affected by biogenic sources (e.g., terrestrial plant wax), which are
characterized by n‐alkanes with high carbon numbers (>29). While these low‐volatility n‐alkanes are not
abundant, they are more likely to be associated with coarse particles (leading to high GMD values), as
they are associated with plant debris. According to Bi et al. (2005), n‐alkanes in rural areas may also be
derived from both anthropogenic activities and biogenic sources, which leads to a lack of correlation
between log C* and MMAD (Figure 3c). The intercept of the regression line between log C* and GMD for
TPAHs is 1.79 ± 0.07, which is lower than that for PBDEs (intercept = 2.67 ± 0.12) in this study
(Figure 3a and Table S3). PBDEs are mainly thought to be released from various consumer products
(Besis & Samara, 2012) and are more likely associated with coarse particles. However, TPAHs primarily
originate from anthropogenic sources and tend to be associated with fine particles; they may have lower
regression line intercept values compared with those of PBDEs. Interestingly, for PAHs in Offenberg and
Baker (1999), the intercept value for Chicago was higher than that for Lake Michigan

Figure 3. Regression analysis between log C* and the size distribution characteristics (e.g., GMD and MMAD) for each class of organic compounds (a) in this
study and (b–d) other studies from the literature. The target compounds are grouped into ELVOCs, LVOCs, SVOCs, IVOCs, and VOCs according to their
respective C*.
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(intercept = 1.42 ± 0.09) (Figure 3b and Table S3). The differences in the sources of PAHs between Chicago
and Lake Michigan could be huge. The site in Chicago represents a typical urban industrial complex, while
overwater samples were collected onboard a vessel in southern Lake Michigan, and the site in Lake
Michigan probably represents a background value (Offenberg & Baker, 1999). Fine particles have a longer
lifetime in the atmosphere and can undergo long‐range transport, while coarse particles are more likely
removed by dry deposition. The sources of PAHs in Lake Michigan are probably more affected by
atmospheric transport from nearby urban industrial complexes. The GMD values in Lake Michigan were
therefore lower, ultimately resulting in a lower intercept value. Notably, it is also possible that locally
emitted aerosols in Lake Michigan are more impacted by coarse particles from the lake (e.g., sea spray
aerosols), which contain many fewer PAHs than transported aerosols. The mixing of transported fine
particles and locally influenced coarse particles finally leads to lower GMD values of PAHs and results in
a lower intercept value. This explanation is also in agreement with the cases in Besis et al. (2015)
regarding PBDEs (Figure 3d), where the intercept of the regression line between log C* and GMD for the
traffic site (intercept = 1.25 ± 0.19) is higher than that for the background site (intercept = 1.01 ± 0.09)
(Table S3).

Figure 4. Influence of the temperature on the regression lines between log C* and the (a) GMD of TPAHs, (b) MMAD of n‐alkanes, (c) GMD of PBDEs, and
(d) MFCP of PBDEs in the urban Shanghai atmosphere and other sampling sites from the literature. The target compounds are grouped into ELVOCs, LVOCs,
SVOCs, IVOCs, and VOCs according to their respective C*.
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Figure 4 presents the regression analysis between log C* and size distribution characteristics under different
ambient temperature from the data in this study and other references (Besis et al., 2015; Bi et al., 2005;
Offenberg & Baker, 1999). The regression equations are included in Table S4. Positive correlations were
observed between log C* and size distribution characteristics (r = 0.42–0.84, Table S4) for all of the target
compounds under different ambient temperatures (Figure 4). It should be noted that low‐volatility n‐alkanes
with high carbon numbers (>29) in this study have larger MMAD values (Figure 4b). While these
low‐volatility n‐alkanes are not abundant, they primarily originate from biogenic sources (e.g., plant wax)
and are more likely associated with coarse particles (Lyu et al., 2017). Based on the highly positively corre-
lated cases (r > 0.50), the slope values for the same class of compounds (e.g., TPAHs) at the same sampling
site (e.g., Lake Michigan) were compared under different temperatures. The slope value for TPAHs in
Shanghai at 23°C (slope = 0.18 ± 0.03) was higher than that at 4°C (slope = 0.14 ± 0.02), and the slope value
for PAHs in Lake Michigan at 24°C (slope = 0.16 ± 0.04) was higher than that at 3°C (slope = 0.13 ± 0.04)
(Figure 4a and Table S4). The slope value for PBDEs at the background site of Thessaloniki at 22°C
(slope = 0.06 ± 0.02) was higher than that at 10°C (slope = 0.03 ± 0.09) (Figure 4d and Table S4). The T tests
show that the slope values differ significantly from 0 (p < 0.05), indicating that aerosol size distribution

Figure 5. (a) Average bulk dry deposition velocity (cm s−1) of size‐resolved particles during a 1‐year sampling period in the urban Shanghai atmosphere and
regression analysis between the dry deposition velocity (cm s−1) and (b) GMD and between the dry deposition velocity and (c) log C* for each class of
compounds in the urban Shanghai atmosphere. The size‐dependent dry deposition velocity was estimated according to the method described in Zhang
et al. (2001); the bulk deposition velocity was averaged within each particle size range.
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characteristics (e.g., GMD, MFCP, and MMAD) are dependent on log C*. The influence of temperature on
the size distribution appears to be empirically reflected in the slope values of the regression lines, with stee-
per slopes at higher ambient temperatures. This relationship may be due to repartitioning (Grieshop
et al., 2007), with the evaporation of organic compounds and their subsequent repartitioning into particles.
Highly VOCs are more easily volatilized from particles and subsequently repartition into particles when the
ambient temperature increases. The estimated size distribution of the particle surface area in this study
peaked in the accumulation‐mode (0.1–2.1 μm) size range (Figure S2). While there are uncertainties in
the estimation due to factors such as the assumed particle density (1 g cm−3) and the low resolution of the
size distribution (mainly in μm), here we mainly focus on providing qualitative information on the surface
size distribution. Accumulation‐mode particles may provide a large particle surface area for volatilized
organic vapor to condense. In addition, a negative correlation (r = −0.66, p < 0.01) was observed between
the logarithmic Henry's law constant (log H) and log C* in this study (Figure S4), indicating that the water
solubility of the target compounds is correlated with their volatility. This relationship is consistent with
the findings in Hodzic et al. (2014), which also reported a significant negative correlation between Henry's
law constants and the volatility of condensable organics. With slower reactive uptake, the evolution of the
size distribution is volume controlled and limited by the compound solubility (i.e., effective Henry's law con-
stant H*) (Shrivastava et al., 2017). It is speculated that highly VOCs repartition into larger particles via
volume‐controlled processes with slow reactive uptake, leading to larger GMDs and ultimately larger slope
values. It should be noted that the influence of temperature on the size distribution was investigated in terms
of field measurements in this study. Zaveri et al. (2014) evaluated a framework for modeling kinetic parti-
tioning of secondary organic aerosol (SOA) and summarized that the dynamic size distribution of SOA
was determined by the complex interplay among organic volatility, particle‐phase diffusivity and reactivity,
each of which is highly uncertain in the ambient environment.

4. Atmospheric Implications

The environmental fate of organic compounds in aerosols is influenced by their sources, chemical transfor-
mation, and removal mechanisms. One of the removal mechanisms is particle dry deposition, which is
dependent on the particle size (Zhang et al., 2001). As we have shown in the previous sections, the aerosol
size distribution of organic compounds is positively correlated with their volatility. Here, we modeled dry
deposition and conducted regression analysis between the deposition velocity and GMD and between the
deposition velocity and volatility of organic compounds. Figure 5a presents the bulk dry deposition velocity
of size‐resolved particles estimated using the method described in Zhang et al. (2001). The mean bulk dry
deposition velocity of coarse particles (2.1–10 μm, 0.24 ± 0.17 cm s−1) was estimated to be 1.8 times that

of fine particles (<2.1 μm, 0.13 ± 0.08 cm s−1). As shown in Figures 5b and 5c, clear positive correlations
were observed between the deposition velocity and GMD (r = 0.84, p < 0.01) and between the deposition
velocity and log C* (r = 0.47, p < 0.01). These correlations indicate that LVOCs with a lower dry deposition
velocity may have a longer residence time in the atmosphere (Okonski et al., 2014) and thus are more likely
to undergo atmospheric transport to remote areas. Organophosphate esters are a group of LVOCs, and they
have already been widely detected in the remote atmosphere via atmospheric transport (Castro‐Jimenez
et al., 2016). However, the long‐range transport potential of organic compounds is determined not only by
deposition but also by their half‐lives in the environment. Recently, Hodzic et al. (2014) reported a signifi-
cant negative correlation between Henry's law constants and the saturation mass concentration of conden-
sable organics and applied this correlation to estimate the wet deposition and dry deposition loss of SVOCs,
which lead to major reductions in SOA. The positive correlation between the size distribution and volatility
of organic compounds obtained in this study may provide a reference for modeling atmospheric dry deposi-
tion and the environmental fate of organic compounds in aerosol particles. Nevertheless, the aerosol size dis-
tribution of organic compounds is complicated in the ambient environment, and a combination of
laboratory experiments, kinetic modeling, and field measurements may better elucidate the mechanisms
that govern aerosol size distributions in the ambient environment.

Data Availability Statement

The raw data for generating the figures in this paper can be downloaded at Harvard Dataverse (https://doi.
org/10.7910/DVN/S1LMJX).
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