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ABSTRACT
Ambient air samples were collected simultaneously at three sites in winter and summer to investigate the characteristic
variations of PAHs in northern Taiwan. In winter, the highest concentration was observed at urban site (225 ± 25.0 ng m–3),
followed by industrial and rural sites (173 ± 28.7 and 148 ± 12.9 ng m–3, respectively). However, in summer, the highest
PAHs concentration was measured at rural site (230 ± 8.0 ng m–3), followed by urban and industrial sites (205 ± 29.2 and
200 ± 44.1 ng m–3, respectively). Based on the air mass back trajectory, the air mass passing through more PAH sources
before reaching the sampling site is the reason for higher PAH level being measured at rural site in summer. The highest
BaP-TEQ concentration measured at rural site in summer suggests that human exposure to PAHs in summer should
receive more attention. Based on the diagnostic ratios, samples collected at industrial site in two seasons are closely related
to combustions of solid fuel and petroleum. At rural and urban sites, PAHs measured in winter are influenced by mixed
sources of solid fuel/petroleum combustions and petroleum evaporation, while the sources of PAHs are more related to
petroleum evaporation in summer. The gas/particle partitioning coefficients (Kp) correlated well with the sub-cooled liquid
vapor pressures (PoL) of PAHs with the slopes higher than –1 (the r2 ranging from 0.835 to 0.909). The slope values
indicate that both adsorption and absorption might govern gas/particle partitioning of PAHs. Comparison between
different models reveals that adsorption of soot carbon is the major mechanism governing gas/particle partitioning.
Keywords: Junge-Pankow model; Absorption KOA model; Soot-air model; PAHs concentration; Distribution.

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a group of
organic compounds composed of multiple aromatic rings,
which are mainly formed during incomplete combustion
and pyrolysis of materials containing carbon and hydrogen,
such as coal, oil, wood and petroleum products (Ravindra
et al., 2008). PAHs are environmentally persistent with
varying structures and toxicity and are well recognized as
carcinogenic, teratogenic and genotoxic compounds (Yang
et al., 2010a). Therefore, investigating the occurrence of
atmospheric PAHs is important for reducing human
exposure to these toxic pollutants.
Characteristics of atmospheric PAHs depend on the
sources and meteorological parameters, including wind
speed/direction, temperature, rainfall and sunshine duration
(Dat and Chang, 2017). Higher atmospheric PAHs
concentrations are primarily found at locations with higher
PAHs emission, for instance, higher PAHs concentrations
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are reported in industrial, urban or residential regions
compared with those measured in remote or rural areas
(Callen et al., 2011; Anastasopoulos et al., 2012; Brown and
Brown, 2012; Xia et al., 2013; Garrido et al., 2014; Liu et al.,
2014). Concentration of particulate PAHs during sugarcaneburning period is about 10 times higher than that in nonsugarcane-burning period as reported by Cristale et al.
(2012). Significant correlation between population density
and atmospheric PAH concentration was observed by
Hafner et al. (2005). However, higher atmospheric PAHs
level was found in rural village if compared with urban site
due to greater use of domestic coal and biofuel burning in
rural village (Wang et al., 2011). Higher levels of ambient
PAHs were observed in wintertime compared to those
measured in other seasons (Cincinelli et al., 2007; Liu et al.,
2008; Van Drooge et al., 2010; Wang et al., 2011; Dvorská
et al., 2012; Masih et al., 2012; Xia et al., 2013; Lv et al.,
2016; Tomaz et al., 2016; Wang et al., 2016). Higher wind
speed would reduce the PAH level by increasing dilution
and dispersion of pollutants, and a negative correlation
between PAH concentration and wind speed was observed
(Tan et al., 2006; Sharma et al., 2007). Masih et al. (2012)
found that PAH concentration decreases with the increase
of temperature and wind speed. Elorduy et al. (2016) also
indicated that temperature, wind speed, and atmospheric
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pressure are the significant meteorological parameters
influencing PAH concentration.
Atmospheric PAHs are found in both gaseous and
particulate phases. In general, gas-phase PAHs predominate
as reported by various studies (Akyüz and Çabuk, 2010;
Yang et al., 2010b; Gregoris et al., 2014, Wu et al., 2014;
Lai et al., 2017). Light-molecular-weight (LMW) PAHs (2to 3-ring) dominate in gas phase due to their higher vapor
pressures, and high-molecular-weight (HMW) PAHs (5, 6ring) with low vapor pressures are main contributors in
particle phase, while medium-molecular-weight (MMW)
PAHs (4-ring) associate with both gas and particulate phases
(Cheruyiot et al., 2015; Dat and Chang, 2017). After being
released from the sources into atmosphere, gas/particle
partitioning of PAHs affects their transport, degradation,
deposition and subsequent fate in the environment (Lv et
al., 2016). This partition behavior also affects the level of
human exposure to PAHs; therefore, investigating the
gas/particle partitioning of PAHs would provide useful
information on the transport, fate and effect of PAHs to
human health. Distribution of a semi-volatile organic
compound (SVOC) between gaseous and particulate phases is
usually evaluated by gas/particle partitioning coefficient,
as shown in Eq.(1), where Cp and Cg are particulate- and
gaseous-phase concentration (ng m–3), respectively and
TSP is the total suspended particle concentration (µg m–3).
The definition of Kp reveals that a compound with a larger
Kp value is of higher tendency to associate with particulate
matter. However, Kp value itself does not reveal any
information regarding the nature of partitioning process.
Generally, gas/particle partitioning of SVOC or PAHs can
be governed by adsorption onto surface, absorption into the
organic matter (OM) of aerosol or the combination of
adsorption and absorption (Pankow, 1994). For better
description of possible mechanisms governing gas/particle
partitioning of PAHs, some models were developed. JungePankow model (Yamasaki et al., 1982; Pankow, 1994) and
KOA absorption model (Finzio et al., 1997; Harner and
Bidleman, 1998) are developed with the assumption of
physical adsorption onto particle surface and absorption
into the organic matter of aerosol as the main mechanisms
of two models, respectively. Dachs and Eisenreich (2000)
indicated that soot plays a major role on gas/particle
partitioning of PAHs. In order to include the role of soot
into the calculation of gas/particle partitioning, Dachs and
Eisenreich (2000) established a soot-air partition coefficient
(KSA) and proposed a method for the evaluation of both
roles played by adsorption onto soot and absorption into
organic matter. Pankow and Bidleman (1992) reported that
well correlation between the observed log of gas/particle
partitioning coefficient (logKp) and log of the PAH subcooled liquid vapor pressure (logP0L) according to Eq. (2),
and the slope values are usually close to –1, which
corresponds to adsorption mechanism. Pankow (1994)
indicates that Eq. (2) is also linearly correlated if absorption is
the dominant mechanism, which reveals that regardless of
the importance of adsorbent or absorbent in gas/particle
partitioning, the plot of logKp vs logP0L should be correlated
with the slope close to –1. Goss and Schwarzenbach (1998)

reviewed the slope mr for field data of gas/particle partitioning
from literature and indicated that under equilibrium
conditions, the slope mr should be equal to –1 if either
adsorption or absorption mechanism governs the gas/particle
PAH partitioning. The slope significantly steeper than –1
reveals the adsorption on a strong adsorbent and slope
shallower than –0.6 suggests the absorption into an
absorbent with high cohesive energy. On the other hand,
the slope in the range of –0.6 to –1 occurs when either
absorption or adsorption is involved. Nowadays, this result
is used as the most popular criterion to evaluate the
mechanism governing gas/particle partitioning of PAHs
(Dat and Chang, 2017). The major mechanism governing
the gas/particle partitioning of PAHs can be identified by
using the logKp-logP0L relationship and comparing the
fitting of three different models including Junge-Pankow
model, absorption KOA model and soot-air model.
Kp = (Cp/TSP)/Cg

(1)

logKp = mrlogP0L + br

(2)

Although some studies on PAHs occurrences in Taiwan
have been conducted (Chen et al., 2009; Chen et al., 2016; Lai
et al., 2017; Yang et al., 2017), investigation on atmospheric
PAHs has not been reported in northern Taiwan where some
big cities with high density of population and industrial
parks are located. Taoyuan City, a highly industrialized and
densely populated city located in northern Taiwan, has the
high potential risk of PAHs. Investigating the concentrations,
distributions, sources and gas/particle partitioning of
atmospheric PAHs collected in different sites in winter and
summer would provide the information for better
understanding the PAH characteristics and human risk
associated with PAHs in this area. In this study, the samples
were collected simultaneously at three different sites
representing urban, rural and industrial characteristics in
winter time and summer time.
MATERIALS AND METHODS
Sampling
In order to investigate the characteristics of PAHs in
different areas located in Taoyuan City, ambient air samples
were simultaneously collected at 3 sites, including a rural
site (roof top of a 4-story building located in NCU campus),
an urban site (roof top of a 5-story building in a high school
campus located in Zhongli District) and an industrial site
(roof top of a 2-story office in an Kuanyin industrial park).
The distances between rural and industrial sites, rural and
urban sites are 15.5 and 4.5 km, respectively. The locations
of sampling sites are presented in Fig. 1.
Two samples in winter time (20–24th February 2017)
and three samples in summer time (24th July–1st August
2017) were collected at each site with Sibata high-volume
air samplers at a sampling rate of 500 L min–1. Each sample
was collected for 2 days with the total volume of 1440 m3.
Gas-phase PAHs were adsorbed by a sandwich cartridge of
PUF/XAD-2/PUF containing 30 g XAD-2 and a TE-1123-4
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Fig. 1. Locations of sampling sites.
PUF (3 inch long, Tisch Environmental), while particulatephase PAHs were collected by quartz fiber filter (QFF,
Advantec, Japan). Prior to sampling, XAD-2 and PUF were
pre-cleaned in Soxhlet extractor with toluene for 24 hrs
and were dried by a nitrogen gas stream at 50°C in a
vacuum oven to remove toluene, while the filters were
baked at 900°C for 4 hrs to remove any traces of organics
and weighed at ambient temperature. Fluorene-D10 and pTerphenyl-D14 are added into the sandwich cartridges as
surrogate standards before sampling. After sampling, QFF
and sandwich cartridge were separately wrapped in aluminum
foil and stored at < 5°C until analysis.
Meteorological parameters including ambient temperature,
relative humidity (RH), wind speed, wind direction and
rainfall were recorded at each sampling site. The levels of
criteria pollutants including (SO2, NOx, CO, O3, PM) were
downloaded from Taiwan EPA website. Air mass origins
were determined using the HYSPLIT transport and dispersion
model from the NOAA Air Resources Laboratory. The 48hour back trajectory was used to identify the air mass
origins for each sampling event.
Analysis
Samples were extracted for 24 hours by Soxhlet extraction
with dichloromethane (DCM). All samples was added an
isotope-spiked solution of PAHs (Wellington Laboratories
Inc.) before extraction to quantify the concentration of each
PAH congener. The DCM extract was then concentrated to
approximately 10 mL by rotary evaporation. DCM was
replaced with hexane by three times of adding 60 ml of
hexane and concentrating to remove completely DCM. The
sample was then passed through a clean-up column that
was packed with 10 g of activated silica gel and 1 g
Na2SO4. The column was eluted by hexane and DCM to
obtain PAHs in the purifying solution and then, the extract
was condensed to 2 mL by rotary evaporation. The collected

eluent was reconcentrated to approximately 500 µL, with a
gentle nitrogen stream and was added recovery standards
before analysis. Sixteen USEPA-priority PAHs including
naphthalene (NAP), acenaphthylene (ACY), acenaphthene
(ACE), fluorene (FLO), phenanthrene (PHE), anthracene
(ANT),
fluoranthene
(FLA),
pyrene
(PYR),
benz[a]anthracene
(BaA),
chrysene
(CHR),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DahA),
benzo [g,h,i]perylene (BghiP) and indeno[1,2,3-cd]pyrene
(IcdP) were analyzed by GCMS (Agilent 6890-5973N)
using a fused silica capillary column DB-5 MS (60 m ×
0.25 mm × 0.25 m) under positive EI conditions, and data
were obtained in the selected ion monitoring (SIM) mode.
Quality Control
Field blanks and method blanks were extracted and
analyzed in the same way as field samples. Only low contents
of NAP and PHE were detected in the PUF/XAD-2/PUFs
of field blank samples (< 0.5 µg and < 5 × 10–3 µg per
cartridge, respectively). The recoveries of internal standards
range from 85 to 105%, except for NAP (60–75%). The
average recoveries of surrogate standards are 95% and
82% for Fluorene-D10 and p-Terphenyl-D14, respectively.
The MDLs range from 2.01 × 10–3 ng m–3 for PYR to 10.0
× 10–3 ng m–3 for IcdP.
RESULTS AND DISCUSSION
Atmospheric Concentrations
Meteorological parameters including wind speed,
temperature, relative humidity (RH), rainfall and TSP
concentration corresponding to different samples collected
at three sites in the winter and summer time are presented
in Table S1. Generally, wind speed, relative humidity and
rainfall in winter are higher than those in summer. Wind
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atmospheric PAHs. Numerous studies indicate that PAH
concentration in winter (cold season) is higher than that in
summer (high-temperature season). Van Drooge et al. (2010)
indicated that total PAHs concentration in winter is about 5
times higher than that in summer. Liu et al. (2008) also
reported the levels of PAHs in gas phase and particulate
phase are 1.5 and 8 times higher, respectively, if compared
with those sampled in summer time. However, this trend is
found only for urban site, which is located farther away
from the seashore compared with two other sites (Fig. 1).
The PAH concentrations are higher in summer than those
in winter for rural and industrial sites (Fig. 2), which is
consistent with the trend of PCN concentrations measured
at the same sites and same sampling period (Dat et al.,
2018). In this study, the sampling sites are located in the
northern Taiwan, with the air mass mainly originating from
the north in the winter and the air mass arising from the
south in summer time as presented in Fig. S2, based on 48hour air mass back-trajectory using the HYSPLIT transport
and dispersion model from the NOAA Air Resources
Laboratory. As a consequence, the air mass should have
traveled a longer distance crossing the densely residential
and highly industrialized areas located in the southwest of
Taiwan (Figs. 1, S2(b) and S2(c)) in summer time compared
with that in winter time (Fig. S2(a)). This is the main reason
for the higher concentrations of PAHs in summer compared
with those in winter time at the rural and industrial sites
and the highest concentration of each site in summer time
(Fig. S4) corresponding to the longest journey crossing the
polluted zones prior to reaching the sampling the sites
(Fig. S2(c)). This phenomenon also explains for the lower
annual average PAH concentration measured at industrial
site which is located very close to seashore (~1 km) and
receives the major air mass from ocean. In case of urban
site, Zhongli district is located farther away from the
seashore compared with other sites, which means the air
mass passing through this sampling site having a longer
journey crossing a densely populated area and some

Mass concentration (ng m-3)

speed and TSP concentration measured at the industrial site
are higher than those measured at two other sites in both
winter and summer. The average TSP concentrations
measured at industrial site in summer is 215 ± 76.2 µg m–3,
which is significantly higher than that in winter (103 ±
16.8 µg m–3). However, the reverse trends are observed for
both urban and rural sites in which the TSP concentrations
in winter (57.4 ± 16.0 and 51.9 ± 16.8 µg m–3, respectively)
are higher than those in summer (36.8 ± 1.60 and 43.0 ±
1.20 µg m–3, respectively).
The average mass and BaP-TEQ concentrations of
atmospheric PAHs in the winter and the summer at three
sites are presented in Fig. 2. In term of average annual
concentration, the highest concentration was found at
urban site (213 ± 23.3 ng m–3), followed by rural site (197
± 41.7 ng m–3) and industrial site (189 ± 41.0 ng m–3). In
the winter, the highest concentration was observed at urban
site (200–250 ng m–3), followed by industrial site (201–
144 ng m–3) and rural site (135–161 ng m–3). However, in
summer, the PAHs concentration measured at rural site
was the highest (219–237 ng m–3), followed by urban site
(170–246 ng m–3) and industrial site (140–244 ng m–3).
Compared with previous studies, the PAH concentrations
obtained in this study are lower than those reported in North
China Plain by Wang et al. (2011) for urban and rural sites
(∑15PAHs = 89.8–1616 ng m–3, sampling time: 2007–
2008). However, the PAH concentrations at urban and rural
sites measured in this study are higher those reported by
Anastasopoulos et al. (2012) in Canada (8.31–83.7 ng m–3,
sampling time: 2009) or and by Bian et al. (2016) in Saudi
Arabia (18.4–61.1 ng m–3, sampling time: 2011–2012).
The PAH concentrations in industrial site obtained in this
study are in the same range of those reported in Kaohsiung,
Taiwan (69.3–233 ng m–3) by Lai et al. (2017).
The level of atmospheric PAHs depends on various
factors including emission sources and meteorological
parameters such as rainfall, wind speed, wind direction and
temperature, which lead to the seasonal variation of
Mass concentration
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Fig. 2. Mass and BaP-TEQ concentrations of PAHs in winter and summer at three sites.
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industrial zone in the north in winter, furthermore, Zhongli
district is also of the highest population density in Taoyuan
city. These reasons lead to not much difference between air
masses received by urban site in the winter and the summer,
therefore, the level of atmospheric PAHs at urban site is
governed by the trend of the higher PAHs concentration in
winter time (low temperature) compared with that in summer
time (high temperature). There are several reasons to explain
the trend, such as: (1) increase of PAHs emission from
enhanced domestic heating demand (Birgul and Tasdemir,
2015) and lower combustion efficiency of vehicular engines
(Arhami et al., 2010) during winter time, (2) reduction of
atmospheric photo-, thermo- and chemical oxidations due
to lower solar radiations in winter time, (3) lower mixing
layer and frequent thermal inversion may trap pollutants
within low tropospheric layer and reduce their dispersion
(Liu et al., 2008; Kong et al., 2010; Masih et al., 2012; Lv
et al., 2016; Tomaz et al., 2016).
Positive correlations between total PAHs and SOx, NOx
are found in the winter (R2 = 0.48 and 0.53, respectively).
However, no significant correlation between total PAHs
and criteria pollutants is found in summer. These results
suggest that PAHs, SOx, NOx are from similar sources in
winter. However, the average concentrations of these
criteria pollutants in winter are also higher than those
measured in summer for all three sites, which reveals
opposite trend to total PAHs concentration. This result
suggests that evaporation of PAHs in summer time may
play an important role.
Gas-phase PAHs predominate in atmosphere, accounting
for 98.7–99.0%, 98.4–98.7% and 97.9–98.9% at urban, rural
and industrial sites, respectively. The results are consistent
with those reported by Lai et al. (2017) for 98% and 99.8%
of gas-phase PAHs in spring and summer, respectively at
industrial sites. Van Drooge et al. (2010) also reported that
gaseous phase accounts for 72 to 95% of total PAHs observed
at remote background sites. Similar results are presented
by various studies such as Li et al. (2006), Cincinelli et al.
(2007), Van Drooge et al. (2010), Ramirez et al. (2011),
Hassan and Khoder (2012), Anastasopoulos et al. (2012),
Masih et al. (2012), Birgul and Tasdemir (2015) and Liu et
al. (2015). Gas-phase PAHs concentrations at three sites in
winter and summer follow the trend of total mass
concentrations. A different trend is found for particulatephase PAHs with a comparable level found at the urban
site (2.59 ± 0.650 ng m–3) and the industrial site (2.59 ±
0.440 ng m–3), followed by rural site (2.15 ± 0.0201 ng m–3)
in winter. However, in summer, the highest particulatephase PAH concentration is observed at rural site (3.90 ±
0.65 ng m–3), followed by industrial site (2.75 ± 0.650 ng m–3)
and urban site (2.26 ± 0.380 ng m–3). The highest annual
concentration is observed at rural site (3.20 ± 0.990 ng m–3),
followed by industrial site (2.69 ± 0.580 ng m–3) and urban
site (2.39 ± 0.530 ng m–3). These particulate PAH
concentrations are comparable in the winter and higher
than those measured in summer time in Kaohsiung measured
in 2012 (1.14 and 0.2 ng m–3 for winter and summer,
respectively) as reported by Lai et al. (2017). Wang et al.
(2011) indicated that comparable particulate-phase PAH
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level was also observed in Beijing and significantly higher
level of particulate-phase PAHs was found at rural villages,
China in winter, with the level of 80–100 times higher than
those observed in this study.
In term of BaP-TEQ concentration, the highest BaP-TEQ
concentration was found at rural site in summer (1.1 ± 0.3
ng BaP-TEQ m–3), which exceeds 1 ng BaP-TEQ m–3 for
ambient PAHs standard as recommended by European
Commission (European Commission, 2005). This result
indicates that the human health effect associated with PAHs
exposure in the summer time of population located in
northern Taiwan should receive more attention. Furthermore,
the average annual concentration of rural site is the highest
(0.8 ± 0.4 ng BaP-TEQ m–3), followed by urban site (0.6 ±
0.07 ng BaP-TEQ m–3) and industrial site (0.5 ± 0.1 ng
BaP-TEQ m–3). These concentrations are higher than those
reported in UK (0.029–2.0 ng BaP-TEQ m–3) by Brown
and Brown (2012) and comparable with the concentrations
in Kaohsiung, Taiwan (0.084–1.51 ng BaP-TEQ m–3), as
observed by Lai et al. (2017). However, these concentrations
are significantly lower than those reported at a rural village
(up to 35 ng BaP-TEQ m–3) in China by Wang et al. (2011).
The concentrations of BaP and DahA (with the highest
TEF) in summer time are higher than those in winter time,
resulting in higher total BaP-TEQ concentration in summer
than in winter for rural and industrial sites.
PAH Congeners Distributions
Generally, low-ring PAHs (2, 3-ring PAHs) predominate
in gas phase and high-ring PAHs (5, 6-ring PAHs) dominate
in particulate phase while medium-ring PAHs (4-ring
PAHs) are associated with both gas and particle phases. As
presented in Fig. 3, NAP (2-ring PAH) predominates in gas
phase, accounting for 83 ± 8% in winter and 89 ± 4% in
summer, followed by 3-ring PAHs, composing for 12 ± 6%
in winter and 7 ± 2% in summer and 4-ring PAHs, making
up 5 ± 2% in winter and 4 ± 2% in summer. PHE is of the
highest contribution among 3-ring PAHs (6 ± 4%), followed
by FLT (2 ± 1%), PYR (2 ± 1%) and FLU (2 ± 1%). For
particulate-phase PAHs, 4-ring- and 5-ring- PAHs dominate
in winter, accounting for 30 ± 7% and 28 ± 8%, respectively,
followed by 6-ring PAHs (23 ± 6%). However, in the
summer, 6-ring PAHs are the main contributors (51 ± 9%),
followed by 5-ring PAHs (30 ± 6%) and 4-ring PAHs (13
± 5%). IcdP is the most contributor to particle-phase PAHs
(22 ± 9%), followed by BghiP (17 ± 7%) and BbF (15 ±
3%) (Fig. 3(b)), which are consistent with those reported by
Liu et al. (2016). These results are in agreement with those
observed by Zhu et al. (2014) with the significantly lower
contributions of low-ring PAHs to particulate-phase PAHs
in the summer (2 ± 1% and 4 ± 2% for NAP and 3-ring
PAHs, respectively) compared with those in winter (9 ±
9% and 10 ± 9% for NAP and 3-ring PAHs, respectively).
This trend indicates the increasing volatilization of low-ring
PAHs which are more volatile from particle to gas phase in
the summer which was also reported by Kong et al. (2010).
Gas-phase PAH distributions in winter at urban and rural
sites are comparable, which are different from those
observed at industrial site with the lower distribution of
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Fig. 3. PAHs distribution in gas a) and particulate b) phases. (UB: Urban site, RR: rural site, ID: industrial site; 01, 02 are
the samples collected in winter and 03, 04, 05 are the samples collected in summer).
NAP and higher contributions of 3- and 4-ring PAHs. The
highest concentration of total 7 PAHs congeners (ACY,
ACE, FLU, PHE, ANT, FLT, PYR) were also observed for
the sample ID01, indicating that different sources contribute
to PAHs measured at these sites. The gas-phase PAH
distributions in summer are quite similar for rural and
industrial sites, however, a higher contribution of NAP is
observed in urban site compared with two other sites
(Fig. 3(a)). The particle-phase PAH distributions are quite
similar among three sampling sites within each season.
Particles collected at rural site have higher contribution of
NAP (20% on average) compared with those of other sites
(lower than 3%). The contribution of 3- and 4-ring PAHs at
industrial site are higher than those at other sites (Fig. 3(b)).
Significantly higher concentration of DahA was found in
summer (0.0801–0.140 ng m–3) compared with that measured
in winter (n.d–0.0601 ng m–3). These results suggest that
various sources contribute to the PAHs collected at different
sites in different seasons.
Particulate-phase PAHs dominate BaP TEQ distribution,
accounting for 51.3–75.1%, except for the sample ID01
(46.3%). Significantly higher contribution of particulatephase to total TEQ concentration is also reported by various
studies such as Akyüz and Çabuk (2010) (up to 86%),

Wang et al. (2011) (98%), Chen et al. (2011) (up to 94%)
because of the higher association with particles of HMWPAHs which are of high TEF values. However, due to the
predominance of NAP in gas phase, NAP is also the main
contributor to the gas-phase TEQ concentration, accounting
for 47.5–85.0%. HMW-PAHs with higher TEF values are
major contributors of particulate PAHs, including BaP
accounting for 47 ± 16%, followed by DahA (19 ± 11%),
BghiP (14 ± 4.8%) and BbF (12 ± 3.1%).
Diagnostic Ratios and Potential Sources of PAHs
Diagnostic ratios are applied effectively as indicators of
PAH sources by various studies (Ravindra et al., 2008;
Dvorská et al., 2011; Katsoyiannis et al., 2011; Tobiszewski
and Namiesnik, 2012; Kuo et al., 2013; Kamal et al., 2016;
Chen et al., 2017; Saha et al., 2017) based on the relative
thermodynamic stability of different parent PAHs and the
characteristics of different PAHs sources (Bian et al., 2016).
In this study, the diagnostic ratios of FLA/(FLA + PYR),
ANT/(ANT + PHE), BaA/(BaA + CHR) and IcdP/(IcdP +
BghiP) are employed to identify possible PAH sources of
the samples collected as shown in Fig. 4. ANT/(ANT +
PHE) ratio was usually used to distinguish the source
between petroleum combustion and evaporation (Callen et
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vehicular emission. While most of the samples collected in
summer are influenced by evaporation and combustion of
petroleum, only UB04 is related to petroleum evaporation and
coal combustion. Obviously, different source compositions
contribute to PAHs measured in winter and summer. All
samples collected at industrial site in two seasons are related
to combustion of solid fuel and petroleum. Samples collected
in winter at rural and urban sites are influenced by mixed
sources of solid fuel/petroleum combustions and petroleum
evaporation. Rural and urban sites are more related to
petroleum evaporation, however, solid fuel/petroleum
combustion or vehicular emission also influences these
sites in summer.

2011). The ratio of ANT/(ANT + PHE) < 0.1 indicates
petroleum evaporation while ratio > 0.1 is for petroleum
combustion. FLA/(FLA + PYR) > 0.5 indicates grass, wood,
coal combustion, while FLA/(FLA + PYR) < 0.4 is mainly
for petrogenic source and 0.4 > FLA/(FLA + PYR) > 0.5
for fossil fuel combustion (De La Torre-Roche et al., 2009).
As shown in Fig. 4(a), only two samples (ID01 and ID02)
are located in different region from other samples, which
indicates that ID01 and ID02 were influenced by combustions
of solid fuel and petroleum. While other samples with low
ratio of ANT/(ANT + PHE) (< 0.1) and high ratio of
FLA/(FLA + PYR) (> 0.5) indicate the influence of petroleum
evaporation (Bian et al., 2016). The scatter plot of BaA/(BaA
+ CHR) and IcdP/(IcdP + BghiP) ratios is presented in
Fig. 4(b). BaA/(BaA + CHR) < 0.2 indicates petroleum
evaporation, BaA/(BaA + CHR) = 0.2–0.35 is from coal
combustion and BaA/(BaA + CHR) > 0.35 is related to
vehicular emission or combustion (Akyüz and Çabuk, 2010,
Yunker et al., 2002). IcdP/(IcdP + BghiP) < 0.2 indicates
petrogenic source, IcdP/(IcdP + BghiP) = 0.2–0.5 is petroleum
combustion and IcdP/(IcdP + BghiP) > 0.5 is grass, wood and
coal combustion (Yunker et al., 2002). As shown in Fig. 4(b),
all samples measured in winter are related to the combustion
of solid fuels including grass, wood, coal/petroleum and

a)
0.14

ANT/(ANT+PHE)

Gas/Particle Partitioning of Atmospheric PAHs
Gas/Particle Partitioning and logKp-logP0L Relationship
Gas-particle partitioning of PAHs can be evaluated by
logKp value. Kp is the gas-particle partitioning coefficient
(m3 µg–1) which can be calculated via Eq. (1) (Introduction
section) following Pankow (1987). Results show that logKp
increases from –5.35 to 0.230 as the ring number of PAHs
increases from 2 to 5, which indicates that heavier PAHs have
al., 2011). The ratio of ANT/(ANT + PHE) < 0.1 indicates
petroleum evaporation while ratio > 0.1 is for petroleum
Solid fuel
Combustion

Petroleum
Petroleum
evaporation Combustion
ID01

0.12
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Petroleum
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0.60

Solid fuel
combustion

ID01 ID02
UB02

0.50
0.40

Petroleum
combustion

RR02

0.30
0.20
0.10
0.00
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Fig. 4. Diagnostic ratios of FLA/(FLA + PYR) and ANT/(ANT + PHE) (a) BaA/(BaA + CHR) and IcdP/(IcdP + BghiP) (b)
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higher tendency to associate with particles. logKp values range
from –5.1 to –0.7 and –5.4 to –1.1 in winter and summer,
respectively, for 2-ring to 6-ring PAHs. logKp values are
higher in winter compared with those in summer which is
consistent with the temperature-dependence of gas/particle
partitioning as performed firstly by Yamasaki et al. (1982)
with the relation logKp = m(1/T) + b, Kp (m3 µg–1) is the
gas/particle partitioning coefficient defined by Eq. (1), m
and b are empirical constants related to the heat of PAH
phase change and the properties of individual PAH and the
particulate matter. Therefore, a compound with a higher Kp
value has a higher tendency to associate with particulate
matter and the equilibrium shifts towards PAHs in the
particulate phase when ambient temperature decreases.
Various studies report that higher logKp values are
measured in the winter than those in the summer and highmolecular-weight PAHs have high logKp values, which are
consistent with those obtained in this study (Terzi and
Samara, 2004; Akyüz and Çabuk, 2010; Yang et al., 2010b;
Wang et al., 2011, Yu and Yu, 2012; Carreras et al., 2013;
Zhu et al., 2014).
The relationships between logKp and logP0L (calculated
following Odabasi et al., 2006) of different sites in winter
and summer are presented in Fig. 5, and the correlations
between logKp and logP0L (R2 = 0.835–0.950) are significant
in all three sites. Generally, the slope values for three sites
in winter are comparable (–0.774 to –0.716) which are closer
to –1 if compared with those observed in summer (–0.629 to –
0.532), indicating that the gas/particle partitioning of PAHs
0

Comparison of Different Gas/Particle Partitioning Models
A most common approach for calculating the
0

logKp [log(m3 µg-1)]

y = -0.532x - 3.71
R² = 0.835

-2
-3
y = -0.774x - 4.68
R² = 0.950

-4

logKp [log(m3 µg-1)]

a)

-1

b)

-1
y = -0.551x - 4.02
R² = 0.845

-2
-3
y = -0.716x - 4.43
R² = 0.917

-4
-5

-5
-6
0
logKp [log(m3 µg-1)]

in winter are closer to equilibrium state than in summer.
The slope values ranging from –0.774 to –0.716 also indicate
that both adsorption and absorption govern the gas/particle
partitioning of PAHs in winter. The slope values of urban
and rural sites in summer (–0.532 and –0.551, respectively)
indicate that absorption is the major mechanism governing
the gas/particle partitioning of PAHs at urban and rural
sites in summer. Slope value of –0.629 reveals that both
adsorption and absorption are involved with the gas/particle
partitioning of PAHs at industrial site in summer. This
trend was also found by Wei et al. (2015) with the slopes
closer to –1 in March (lower temperature) compared with
those in September (higher temperature) and stronger
absorption was found in September to govern gas/particle
partitioning. Wang et al. (2011) and Wang et al. (2013) also
indicated that both adsorption and absorption simultaneously
govern the gas/particle partitioning of PAHs. The sorption
and desorption of newly released PAHs onto and from
aerosols may take hours to reach equilibrium during
transportation (Dachs and Eisenreich, 2000), therefore, the
results also indicate that PAHs collected in summer time
could be more related to the local emissions compared with
those in winter. Another possibility is the lower logKp
values in summer time compared with those in winter time,
resulting in less negative of slope values in summer time
(Wei et al., 2015).
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Fig. 5. logKp-logP0L relationship based on calculated logKp, logP0L of PHE, ANT, FLT, CHR, BbF, BkF (a, b, c refer to
urban, rural and industrial sites, respectively).
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gas/particle partitioning of SVOCs is Junge-Pankow (J-P)
model which assumes adsorption of SVOCs onto aerosol is
the main mechanism (Pankow, 1987). In this model, fraction
of SVOCs in particulate phase is estimated by Eq. (3):
φ = cθ/(p0L + cθ)

(3)

where θ is particle surface area per unit of air volume
(cm2 cm–3), and is assumed as 1.1 × 10–5 (cm2 cm–3) for
urban air, 2.5 × 10–6 (cm2 cm–3) in range of 1.0–3.5 × 10–6
(cm2 cm–3) for rural air and 1.0 × 10–7 (cm2 cm–3) for remote
air (Lohmann and Lammel, 2004), and c is a constant related
to the properties of the compounds of interest and is often
assumed to be 17.2 Pa cm for PAHs (Wang et al., 2013).
Absorption KOA model is proposed by Harner and
Bidleman (1998) with the assumption that absorption of
SVOCs onto OM phase of aerosol is the main mechanism
governing gas/particle partitioning. In this model, the
relationship between Kp and KOA is expressed as Eq. (4):
K p  fOM

ζ OCT
MWOCT
K OA
ζ OM OCT MWOM 1012

(4)

where fOM is the fraction of OM in aerosol, MWOTC and
MWOM are the mean molecular weights of octanol and
OM, ζOCT and ζOM are activity coefficients of the absorbing
compound in octanol and OM, ρOTC is the density of
octanol (0.82 kg L–1 at 20°C) and the factor 1012 converts
units of the right-hand side of the equation from L kg–1 to
m3 µg–1. KOA is the octanol-air partitioning coefficient
calculated following Odabasi (2006). With the assumptions
of MWOCT/MWOM = 1 and ζOCT/ζOM = 1, Eq. (4) can be
simplified as:
logKp = logKOA + log fOM – 11.91

(5)

Air-soot model proposed by Dachs and Eisenreich (2000)
combines the effects of soot on the gas/particle partitioning
of PAHs. The overall gas/particle partitioning coefficient
that includes both OM and the soot phases is expressed as
the Eq. (6):
K p  fOM

ζ OCT
MWOCT
 EC
K OA  f EC
K SA (6)
12
ζ OM OCT MWOM 10
 AC 1012

where KSA is the soot-air partition coefficient, fEC is the
fraction of elemental carbon in the aerosol, and αEC and
αAC are specific surface areas of elemental carbon and
activated carbon, respectively.
The value of KSA for different PAHs can be estimated by
the Eq. (7) as established by Van Noort (2003):
logKSA = –0.85logPL0 + 8.94log998/αEC

(7)

As mentioned previously, the following assumption can
be adopted: ζOCT/ζOM = 1, αEC/αAC =1, MWOCT/MWOM = 1.
In this study, the value of αEC was taken as 100 m2 g–1 from
Bucheli and Gustafsson (2000).
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The estimated fraction of PAHs in particulate phase can
be calculated by the Eq. (8) based on Kp value obtained
from previous steps and TSP concentration:
φ = Cp/(Cp + Cg) = Kp(TSP)/[1 + Kp(TSP)]

(8)

Results from J-P adsorption model are based on θ value
corresponding to urban air (1.1 × 10–5 cm2 cm–3) because
the φ values calculated using this θ value are closer to the
φ observed. The values of fOM and fEC used for calculating
Kp in soot-air model are 0.1 and 0.035, respectively, based
on the characteristics of particulate matter collected in
northern Taiwan. As presented in Table 1, the estimated φ
using J-P adsorption model are closer to φ observed compared
with those calculated by KOA absorption model in both
winter and summer, which indicates that the adsorption
onto particle surface is more important than the absorption
of OM phase. The estimated φ values calculated using
soot-air model are significantly closer to the measured φ
values (φobserved/φestimated ratios closer to 1) compared with
those calculated following absorption KOA model and J-P
adsorption model (especially for ACY and ACE), which is
consistent with that reported by Wang et al. (2013). This
result is in agreement with the conclusion that the adsorption
of soot carbon plays an important role on gas/particle
partitioning of PAHs and absorption is the main mechanism
governing gas/particle partitioning only when OC content
of aerosol is 100 times higher than EC content (Dachs and
Eisenreich, 2000; Callén et al., 2008). On the other hand, in
this study, the estimated φ values were calculated by some
fixed parameters as presented previously. However, different
sources might contribute to particulate matters in different
seasons, which means different aerosol characteristics
between winter and summer. The fractions of EC and OC
differ in two seasons and even for similar fractions of EC
and OC, different soot-carbon origins also lead to different
results of estimated φ (Callen et al., 2008). This may be the
reason for higher ratios (φobserved/φestimated) in summer
compared with those in winter for all models.
Furthermore, Table 1 also shows that the φobserved/φestimated
ratios of 5- and 6- ring PAHs (BbF to BghiP) are comparable
and approach to 1 for all three models. This result reveals
that the gas/particle partitioning of HMW-PAHs which are
of high Kp values seem independent from whether adsorption
or adsorption governing the gas/particle partitioning. In
fact, HMW-PAHs associate with particulate phase very
fast by self-condensation on existing aerosol surface due to
very low vapor pressures (< 10–4.5 Pa in this study). It is
also noted that 4 congeners (BaP to BghiP) are not found
in gas phase, and BbF and BkF are found in particulate
phase with very low concentrations.
Table 2 compares the φobserved/φestimated ratios of different
sites in winter and summer obtained by the soot-air model.
In fact, all models used in this study are based on the
assumption that equilibrium state is reached between gas
and particulate phases. Obviously, the ratios corresponding
to samples collected in winter are closer to 1 than those in
summer time, which indicates that the gas/particle partitioning
of PAHs is closer to equilibrium in winter than those on
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Table 1. Results of φobserved/φestimated (φobs./φest.) obtained from three models: J-P adsorption model, KOA absorption model
and soot-air model (fOM = 0.1, fEC = 0.035).
PAHs
ACY
ACE
FLU
PHE
ANT
FLT
CHR
BbF
BkF
BaP
DahA
IcdP
BghiP

Winter
φobs./φest.
50
16
4.0
2.5
8.9
0.90
0.50
1.0
1.0
1.0
0.70
1.0
1.0

J-P model
Summer
φobs./φest.
328
35
16
5.1
19
1.4
0.50
0.90
0.90
1.1
1.0
1.0
1.0

Absorption KOA model
Winter
Summer
φobs./φest.
φobs./φest.
243
2215
77
186
27
77
16
31
47
153
6.5
9.7
1.4
2.9
1.1
1.8
1.1
1.7
1.1
1.8
0.70
1.1
1.0
1.1
1.0
1.1

Winter
φobs./φest.
4.3
1.4
0.50
0.40
1.2
0.30
0.50
1.0
1.0
1.0
0.70
1.0
1.0

Soot-air model
Summer
φobs./φest.
38
3.4
1.5
0.70
3.6
0.30
0.30
0.90
0.90
1.1
1.0
1.0
1.0

Table 2. Comparison of φobserved/φestimated ratios calculated for different sites in winter and summer using the soot-air model.
PAHs
ACY
ACE
FLU
PHE
ANT
FLT
CHR
BbF
BkF
BaP
DahA
IcdP
BghiP
n.a: not available.

Winter
3.0
1.0
0.38
0.39
0.38
0.26
0.47
0.98
0.97
1.0
1.0
1.0
1.0

Urban site
Summer
77
5.9
2.3
1.4
7.2
0.51
0.38
0.90
0.84
1.1
1.0
1.0
1.0

Winter
6.7
1.8
0.91
0.50
0.26
0.32
0.40
1.0
1.0
1.0
1.0
1.0
1.0

summer. This trend is consistent with the slope values of
logKp–logP0L relationships, which are closer to –1 in winter
than those in summer. Furthermore, the over- and underestimated φ may indicate that the corresponding PAHs do
not reach equilibrium between gas and particulate phases.
Dachs and Eisenreich, (2000) indicate that the sorption and
desorption of newly released PAHs onto and from aerosols
may take hours to reach equilibrium. The ratios corresponding
to ACY and ACE are significantly higher than 1, possibly due
to dominance of these congeners in particulate phase released
from PAH sources nearby. The fractions corresponding to
FLU, PHE, ANT, FLT, CHR are mostly lower than 1 in
winter at three sites and in summer at industrial site, which
suggesting that these congeners maybe dominant in gasphase PAHs in emission sources.
CONCLUSION
Overall, urban site is of the highest PAHs mass
concentration, followed by rural and industrial sites. In

Rural site
Summer
34
3.0
1.4
0.56
3.0
0.25
0.25
0.74
0.82
1.1
1.0
1.0
1.0

Winter
2.5
n.a
0.12
0.33
3.0
0.19
0.50
0.96
0.93
0.94
1.0
0.96
1.0

Industrial site
Summer
4.3
1.3
0.87
0.27
0.40
0.14
0.34
0.96
0.90
1.0
1.0
1.0
1.0

winter, the highest concentration was observed at urban
site (200–250 ng m–3), followed by industrial site (201–144
ng m–3) and rural site (135–161 ng m–3). However, in
summer, rural site has the highest PAHs concentration (219–
237 ng m–3), followed by urban site (179–246 ng m–3) and
industrial site (140–244 ng m–3). The PAHs concentration
at urban site in winter is higher than that in summer. At
rural and industrial sites, PAHs concentrations measured in
summer are higher than those in winter due to the longer
journey of air mass crossing residential and industrial areas
prior to reaching the sampling sites in summer. The average
BaP-TEQ concentration at rural site is the highest in
summer, followed by urban and industrial sites, due to high
concentrations of BaP and DahA, which are of the highest
TEF values. This result suggests that the human exposure
to PAHs in summer time should receive more attention.
Sources of PAHs collected might be different at different
sites in winter and summer time. All samples collected at
industrial site in two seasons are related to the combustion
of solid fuel and petroleum. On the other hand, all samples
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collected in winter at rural and urban sites are influenced
by mixed sources of solid fuel/petroleum combustions and
petroleum evaporation. Rural and urban sites are more related
to petroleum evaporation, however, solid fuel/petroleum
combustions or vehicular emissions also influence on these
sites in summer. Gas/particle partitionings are similar at three
sites in winter, while those at industrial site in summer
differs from urban and rural sites. The comparison between
different models for evaluating gas/particle partitioning
indicates that both adsorption and absorption might govern
gas/particle partitioning of PAHs at three sites, however,
adsorption onto soot carbon is a more important mechanism
in governing gas/particle partitioning of PAHs collected.
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