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ARTICLE INFO ABSTRACT

Fenhe Plain is a typical region polluted combinedly by coal combustion and coking activities with serious air
pollution problem, especially in winter. In order to clarify the size distribution and health risk of polycyclic
aromatic hydrocarbons (PAHs) in winter of the Fenhe Plain, the respirable aerosol particles (PM;,) were col-
lected by cascade impactor, and 17 PAHs were analyzed. The results showed that the average mass concentration
of PM; o-bound PAHs was 689.19 ng/m®, which was higher than that in many other domestic and overseas cities.
The particulate PAHs mainly distributed in the < 0.95 pum size range, accounting for more than 60% of the total.
Under the combined influence of local emissions, low temperature, low intensity of solar radiation, dry atmo-
sphere and Kelvin effect, naphthalene (Nap) displayed a bimodal distribution, while the rest of the 17 PAHs all
followed a nearly unimodal size distribution. Wind and humidity were important factors which could influence
the size distribution of PAHs. Coefficient of divergence (CD) analysis showed that PAHs between all of the sizes
had a high spatial heterogeneity in source factor contributions, although diagnostic ratio indicated similar
sources among them. Health risk assessment found that the lifetime cancer risk of exposure to particulate PAHs
was 1693.76 parts per million people. Ultrafine particles (< 0.95 pm) predominated the total carcinogenicity of
the particulate PAHs, while benzo(a)pyrene (BaP), dibenzo(a,h)anthracene (DahA), benzo(b)fluoranthene (BbF),
benzo(a)anthracene (BaA), benzo(k)fluoranthene (BKF) and indeno(1,2,3-cd)pyrene (IcdP) were the major
carcinogenic components. Traffic exhausts contributed most to the carcinogenic PAHs, followed by coal com-
bustion and coking. Our study can provide reference for the pollution control and residential health protection in
Fenhe Plain, and bring more reasonable parameterizations to the estimation of PAHs outflow from this key
region to other international regions.
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1. Introduction

Atmospheric PAHs are important organic contaminants in urban air
being concerned widely because of their large emissions, complex
sources, high persistence in the environment, as well as strong carci-
nogenic and mutagenic properties (Lv et al., 2016). Their emission
mainly results from the incomplete combustion of carbon-containing
materials, such as biomass, coal, petroleum, garbage, tobacco and
charbroiled meat (Zhang et al., 2012). High levels of atmospheric PAHs
have been demonstrated to increase the lung cancer risk (Bostrom et al.,
2002) with incremental annual lung cancer risk being up to 6.5 per
million people due to inhalation exposure to PAHs in China (Zhang
et al., 2009).
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As semi-volatile organic compounds, PAHs can partition between
the gas and the particulate phase because of their relatively low vapor
pressures (Wang et al., 2011). Previous studies showed that most of the
PAHs are more apt to accumulate in the small particles than the large
particles, especially in those with an aerodynamic diameter (Dp) below
10 um, known as PM;q (Zhou et al., 2005; Zhu et al., 2014; Lv et al.,
2016). Because such particles are inhalable and can deposit in the
human respiratory system, the PM;o-bound PAHs can be released and
contact with the tissue cells for a long time, and then cause great harm
to human health (Zhang et al., 2012). The fine particles can even travel
deep into the alveoli and, for the smallest particles, potentially enter the
bloodstream, thus exposing people to both particles and particle-bound
compounds (Geiser et al., 2005; Lv et al., 2016). Due to the partitioning
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process and the deposition depth after inhalation strongly depends on
particle size, the particle size distribution of PAHs plays a critical role in
their health impacts. The distribution of high molecular mass PAHs is of
particular importance, because most of them are carcinogenic and
mainly exist in particle phase due to their very low vapor pressure
(Akyuz and Cabuk, 2009; Wu et al., 2014). In addition, the size dis-
tribution of PAHs in particles can determine the transport distance and
amount, dry deposition and wet precipitation fluxes, and lifetime of
particulate PAHs at some extent (Kaupp and McLachlan, 1999).

A number of studies conducted in various countries and cities, as
summarized by Lv et al. (2016), have documented that the size dis-
tribution of PAHs varies with their releasing sources, particle aging
processes, and meterological conditions in different places. These stu-
dies were limited to large and developed metropolises in each country,
i.e., Beijing (Zhou et al., 2005), Tianjin (Wu et al., 2006), Shanghai
(Wang et al., 2016b), Xi'an (Ren et al., 2017) and the Pearl River Delta
(Bi et al., 2005; Duan et al., 2007; Ren et al., 2017) in China, Athens
(Theodosi et al., 2011), Heraclion (Kavouras and Stephanou, 2002),
Island of Crete (Kavouras and Stephanou, 2002) and Thessaloniki in
Greece (Chrysikou et al., 2009), Yokohama in Japan (Kameda et al.,
2005), and six urban sites (Duisburg in Germany, Prague in Czech
Republic, Amsterdam in The Netherlands, Helsinki in Finland, Barce-
lona in Spain and Athens in Greece) in Europe (Saarnio et al., 2008).
The PAHs size distribution characteristics and related health risk in
Fenhe Plain in China are still unknown.

Fenhe Plain in Shanxi province of China is one of the predominant
PAHs emitting area in the world (Fig. 1a) and the most polluted pro-
vince in North China because of its huge amount of coal combustion
and coking activities without efficient emission control (Zhang et al.,
2016). It has been reported that the emission density of PAHs in this
province was three times of the Chinese average level and 13 times of
the American level (Jiang et al., 2013). Maybe for this reason, the
morbidity of lung cancer in Shanxi is very high (one time higher than
the Chinese average level). The incidence of neural tube defects in
Shanxi is called “the peak of Everest” for this disease in the world (Li
et al., 2006), which has also been demonstrated to be related with
women's high-level exposure to PAHs at some extent (Ren et al., 2011).
Fenhe Plain is also the largest outflow region in China which con-
tributes about 33% to the total outflow of BaP from China. It was found
that although this region is farther from the eastern boundary of China,
strong zonal winds at the lower troposphere associated with southward
penetration of the polar front during the wintertime carry a large
quantity of PAHs out of China (Zhang et al., 2011).

Due to the serious air pollution, Fenhe Plain has been listed as one
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of the national battlefields of “Blue Sky Defense” in 2018 by the Chinese
Government. Before setting reasonable target for atmospheric PAHs
control, the size distribution characteristics, accurate exposure level
and health risk must be clear. However, many previous studies always
considered the atmospheric PAHs concentration in particulate phase as
the surrogate of exposure concentration in estimating the health risk of
PAHs in particles (Wang et al., 2016b; Tomaz et al., 2016; Ren et al.,
2017), but ignored the deposition efficiency of particles the PAHs
bound to which are highly particle-size dependent. It will result in a
very large overestimation of the risk as demonstrated by Luo et al.
(2015). It is proposed that the outflow flux estimations of PAHs will
also have large uncertainty when the size distribution characteristics of
the aerosols are unclear (Zhang et al., 2011). However, current
knowledge on PAHs size distribution in the Fenhe Plain remains un-
known. To evaluate the health risk associated with PAHs exposure in
Fenhe Plain accurately, and bring more reasonable parameterizations to
the estimation of PAHs outflow from this key region to other interna-
tional regions, we conducted a sampling campaign in winter to examine
the size distribution of particle-bound PAHs and estimate the cancer
risk of PAHs in this specific area. The potential sources and influences
of meterological parameters on the size distribution were also analyzed.
The acquired information is expected to provide a better understanding
of the size-distribution characteristics and health risk of PAHs asso-
ciated with coal combustion and coking activities.

2. Methods
2.1. Sample collection

Our sampling site was established in Taiyuan, which is a typical
area of Fenhe Plain experiencing hazardous levels of pollution due to
coal combustion and coking emissions. Detailed information about its
topography, industrial distribution and meteorological characteristics
has been described in our previous studies (Li et al., 2016). To in-
vestigate the average exposure levels of PM;, and associated PAHs for
people in the investigated area and avoid the influence from ground-
level emission sources like residential coal combustion and traffic near
the sampling site, the sampling (Fig. 1b) was conducted on the roof
(about 50 m high) of a sixteen-floor building on the campus of Taiyuan
University of Science and Technology. In winter, most of the people like
to stay indoors, while quite a lot of residence and office buildings have a
height of about 100 m. Therefore, 50 m represents the intermediate
height. Although outdoor concentration and indoor concentration
cannot be equated, many evidences indicate that the difference
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Fig. 1. (a) Location of the Taiyuan city (the greenarrow point to) and the PAHs emission density (g/km?) in individual provinces and municipalities in 2004 (Zhang
et al., 2007), (b) the location of the sampling site (marked with a red pentagram). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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between them is not very large (Zhao et al., 2015; Wang et al., 2016a).

Size-segregated PM;, aerosol samples were collected for 20 days
from December 14, 2014 to January 3, 2015. The representativeness
and repeatability of the data from our sampling was discussed in the
Text S1. The sampling duration was 24 h (from 8:00 a.m. to 8:00 a.m. of
the next day). Airborne particles were collected using a TE-235 five-
stage high-volume cascade impactor (made in the USA) at a flow rate of
0.565 m>/min. The cascade impactor can fractionate suspended parti-
culates into as many as five size fractions. Impactor cut-points are 10
(inlet), 7.2, 3, 1.5 and 0.95 um, with the last stage collecting all parti-
cles smaller than 0.95 pm (backup filter). Quartz filters (Whatman QM-
A, 20.3 x 25.4 cm) were used as a surrogate surface and placed on each
impaction plate to collect the impacted particles of different sizes.
Before use, the filters were baked at 500 °C for 4 h, equilibrated at 25 °C
and 50% relative humidity for 48 h, and then weighed using a AB204-S
micro-balance (METTLER company, Switzerland) accurate to 0.1 mg.
After sampling, the membranes were equilibrated and weighed again
using the same procedure. To ensure the accuracy, each filter were
weighed at least four times before and after sampling, and the results
were averaged. Then, the filters were wrapped in aluminum foil, and
stored frozen at —20 °C until analysis.

Meteorological data including temperature, relative humidity, wind
speed and wind direction were simultaneously recorded by Shanxi
Provincial Meteorological Information Network with 60 min time re-
solution.

2.2. Extraction and analysis

One-fourth of each filter was cut into small pieces, spiked with re-
covery surrogate standards (naphthalene-d8, acenaphthene-d10, phe-
nanthrene-d10, chresene-d12, perylene-d12), and extracted ultra-
sonically with dichloromethane (DCM) for 30 min with 3 replications.
The combined organic extract was filtered, condensed to 1 mL by a
rotary evaporator, and then cleaned-up by a silica-alumina column that
was filled with 6 cm aluminum oxide, 12 cm silica gel, and 1 cm an-
hydrous Na,SO4. The cleanup column was eluted with 30 mL hexane
and 30 mL DCM/hexane (1:1, v/v) in sequence. All the eluates were
collected and condensed to below 1 mL through a rotary evaporator and
a termovap sample concentrator. Hexamethylbenzene was added as the
internal standard and the final volume of the sample was adjusted to
1 mL. Gas chromatography coupled to mass spectrometry (GC-MS, 2010
plus, SHIMADZU) was used for the separation and quantification of the
target PAHs.

In this study, 17 PAHs were detected including Nap (2-ring), ace-
naphthylene (Acy, 3-ring), acenaphthene (Ace, 3-ring), fluoranthene
(Flu, 3-ring), phenanthrene (Phe, 3-ring), anthracene (Ant, 3-ring),
fluoranthene (Fla, 4-ring), pyrene (Pyr, 4-ring), BaA (4-ring), Chrysene
(Chr, 4-ring), BbF (5-ring), BKF (5-ring), BaP (5-ring), IcdP (6-ring),
DahA (5-ring), benzo[ghi]perylene (BghiP, 6-ring) and Coronene (Cor,
7-ring).

2.3. Quality assurance and quality control (QA/QC)

PAHs concentrations were quantified via calibration curves (in-
ternal standard method) constructed at six concentrations (0.025, 0.05,
0.1, 0.25, 0.5 and 1 ng/mL). The peaks of each PAH components were
good, and the linear correlation coefficients were greater than 0.99.
Procedural blanks, standard spiked blanks, and duplicate samples were
analyzed for each set of 10 samples for quality assurance and control.
PAHs were not detected in the procedural blanks. The mean recoveries
of samples were: naphthalene-D8, 51.4%; acenaphthene-D10, 72.4%;
phenanthrene-D10, 95.6%; chrysene-D12, 109%; and perylene-D12,
121%.
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2.4. Methodology for inhalation exposure and cancer risk assessment

The detailed methods used to do the assessment of inhalation ex-
posure, deposition efficiency and flux, as well as lifetime cancer risk
were similar with those reported by Luo et al. (2015). The inhalable
(IF), thoracic (TF), and respirable fractions (RF) of PM;y-bound PAHs
are estimated respectively based on the criteria given by the Interna-
tional Standards Organization and American Conference of Govern-
mental Industrial Hygienists (Hinds, 1999). The inhalable fraction re-
presents the particles inhaled through the nose and/or mouth. The
thoracic fraction represents the particles penetrating progressively into
the lung. The respirable fraction represents the particles reaching be-
yond the gas exchange region. When assessing the deposition efficiency
and flux, the respiratory system (RS) was divided into three main de-
position regions: head airway (HA), tracheobronchial region (TR), and
alveolar region (AR). The fractions of PM;y-bound PAHs deposited in
the three regions were calculated with the simplified equations from the
International Commission on Radiological Protection (ICRP) model
(Hinds, 1999; International Commission on Radiological Protection,
1994).

The human incremental lifetime cancer risk (LCR) was assessed by:

LCR = 3 (Cparr X TEFpan) X URpap

where Cppy is the deposition concentration of a specific PAH in the
whole respiratory tract; TEFpay is the toxicity equivalency factor of
PAH based on benzo[a]pyrene (Table S1), and URg,p is the unit relative
risk of benzo[a]pyrene. In this study, the value of 8.7¥10 > per ng/m>
for URg,p is used, which is from epidemiology studies on coke-oven
workers over a lifetime of 70 years (World Health Organization, 2000).

3. Results and discussion
3.1. Pollution characteristics of PM;o-bound PAHs

To characterize the size distribution of PAHs in the PM;, samples in
the winter of Fenhe Plain, we first determined the 24-h averaged con-
centrations of PM;, and PAHs bound to PM;,. As shown in Fig. 2¢, the
daily mass concentration of PM;, ranged from 76.04 to 349.82 ug/m?>.
The average mass concentration was 199.10 ug/m°>, exceeding the
Chinese 24 h Grade II standard (150 pg/m®) according to China Na-
tional Ambient Air quality Standard (NAAQS) (GB3095-2012) issued in
2012 by Ministry of Environmental Protection in China (MEP) and
implemented in 2016 (MEP, 2012). The total PAHs (T-PAHs) mass
concentration adsorbed on PM;, ranged from 52.00 to 1506.11 ng/m?,
with an average of 689.19 ng/m? (Fig. 2b). The average of 24-h average
concentrations of T-PAHs bound to PM;, in Fenhe Plain was much
higher than that in many other domestic and foreign cities, such as
Xiamen (10.5 ng/ms) (Hong et al., 2007), Beijing (85.36 ng/m3) (Duan
et al., 2012), Kuala Lumpur in Malaysia (6.28 * 4.35 ng/m3) (Omar
et al., 2002), Teheran in Iran (148.43 ng/m3) (Hoseini et al., 2016),
Naples in Italy (urban traffic site, 6.03 ng/m3) (Di Vaio et al., 2016),
Zonguldak in Turkey (492.4 ng/m3) (Akyliz et al., 2009), and Cordova
in Argetina (5.266 ng/m3) (Amarillo et al., 2017).

The high T-PAHs mass concentration bound to PM;, in the winter of
Fenhe Plain could be ascribed to the large emissions of PAHs in winter
from coal-related industries (especially the coking plants) along Fen
river, residential coal combustion and traffic exhausts (Zhang et al.,
2016; Li et al., 2016). The atmospheric conditions in winter also ac-
count for the high PAHs concentration in particles at some extent, be-
cause low temperature and low intensity of solar radiation favors the
condensation and adsorption of PAHs on suspended particles that are
present in urban air while slows down the PAHs photodegradation (Lv
et al., 2016). The mean concentration of PAHs in PM;, in Fenhe Plain
was lower than that of Lanzhou (1855.47 ng/ms) in China (Yu et al.,
2013), as well as Delhi in India (2293.02 ng/m3) (Sharma et al., 2008)
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Fig. 2. The time series of meteorological parameters (temperature, wind speed and humidity) (a), T-PAHs concentrations (ng/m3) (b), PM;, concentrations (ug/m3)
(c), and fractioned size composition in percentage of T-PAHs (b) and PM;, (c) during the sampling period.

due to different emission sources, emission strength, topography and
meteorological conditions.

During the sampling period, the concentrations of PM;, and PAHs
had the similar variation trends with strong positive correlation be-
tween them (R? = 0.88), suggesting like sources for them. Meantime,
the size distribution profiles of PM;, and PAHs were also similar
with < 0.95um being the dominant size fraction, accounting for
53.61%-81.19% and 63.19%-95.03% to the total PM;, and T-PAHs,
respectively (Fig. 2b and c). The high enrichment of PM;q in small
particle size indicates the important roles of anthropogenic origins (e.g.,
vehicles and coal combustion) (Lv et al., 2016; Theodosi et al., 2011).
According to Whitby's viewpoint, fine particles (Dp < 2um) are pro-
duced predominantly from gas to particle conversion and from

incomplete combustion (Whitby et al., 1972). Take the aerosol samples
from coke enterprises as an example, it was found that PM; 4, and PM ;
accounted for > 77% and > 86% of the total particulates, respectively
(Mu et al., 2017). In coal combustion emissions, more than 77% of the
total was found to be fine PM fraction with size less than 2.5 mm
(PM,5) (Shen et al., 2010a,b). The smaller size particles have bigger
specific surface area, and so can adsorb or absorb more PAHs. There-
fore, the enrichment of T-PAHs in < 0.95 um particle size was also the
highest.

The proportions of combustion-derived PAHs (COMPAHSs: Flu, Pyr,
Chr, BbF, BKF, BaA, BaP, IcdP and BghiP (Wang et al., 2016b) and
carcinogenic PAHs (CANPAHs: BaA, BbF, BkF, BaP and IcdP (Wang
et al., 2016b) in the total PAHs in different size ranges are shown in
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Fig. 3. The percentages of combustion-derived PAHs (COMPAHSs) and carci-
nogenic PAHs (CANPAHS) in the total PAHs in different size ranges.

Fig. 3. As the decrease of the particle size, the contributions of these two
groups of PAHs both increased. The total concentration of COMPAHSs
accounted for 53.47%-66.42% of the total PAHs in each size range,
indicating that combustion source should be the major source of PAHs
in the winter season of Fenhe Plain. The mass percentage of CANPAHSs
to T-PAHs in the five size fractions ranged from 23.82% to 38.00%. The
data obtained in this study were lower than that from other studies:
Wang et al. (2015) in Zhengzhou city of China (> 50% in PM, ), He
et al. (2014) in Nanjing city of China (49.24-64.51%), Bourotte et al.
(2005) in Sad Paulo city of Brazil (50%); higher than that of Kaur et al.
(2013) in Amritsar of India (12%); while similar with that of Kong et al.
(2010) in Liaoning Province of China (29%); Hong et al. (2007) in
Xiamen of China (28%); Zhu et al. (2014) at the China Yellow River
Delta National Nature Reserve (27%). BaP is a strong carcinogenic
monomer and its concentration has been utilized to indicate the po-
tential health risk of PAHs to human beings (Saarnio et al., 2008). Many
countries and cities have established corresponding ambient air quality
standards for this compound. The Chinese daily standard value of BaP is
2.5ng/m® (MEP, 2012). In this study, the average mass concentration
of BaP was 42.54 ng/m>, about 17 times of the standard limit. The
World health organization (WHO, 2000) recommended more stringent
BaP daily reference residential value of 1 ng/m>. This indicates that the
pollution level in the winter of Fenhe Plain is really serious and may be
a threat to the health of local residents.

3.2. Size distribution characteristics of PAHs

As shown in Fig. 4a, along with the increase in particulate size, the
distribution ratios of low molecular weight (LMW) PAHs (2, 3-ring
PAHs) also increased, oppositely, the ratios of high molecular weight
(HMW) PAHs (5, 6, 7-ring PAHs) decreased. The distribution ratios of
medium molecular weight (MMW) PAHs had no significant difference
among different size ranges. The results are similar in different cities
(Wang et al., 2016b; Ren et al., 2017) due to the fact that less volatile
PAH species preferentially condense on fine particles and more volatile
ones are inhibited on smaller particles because of the Kelvin effect
(Hien et al., 2007; Keshtkar and Ashbaugh, 2007). Although the dis-
tribution ratio of low ring number PAHs in coarse particles was higher
than that in fine particles, all the PAH compounds were mainly con-
centrated in < 0.95um particle size range, followed by the range of
0.95-1.5um (Fig. 4b). Except for Nap, the proportions of other PAH
compounds in the size range of < 0.95um were up to 80% or more
(Fig. 4b).

To better characterize the size distribution of PM;, and PAHs, we
plotted a histogram of the relative mass of dC/dlogDp versus the Dp on
the logarithmic scale, which is an useful method for comparing the
contributions of coarse and fine particles to the PAHs concentrations
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(Zhu et al., 2014). As shown in Fig. 5, the PM;, and Nap which has 2
rings exhibited a bimodal distribution. The major peaks for PM;, were
in the ranges of < 0.95 (accumulation mode) and 3.2-7.2 um (coarse
mode), while those for Nap were in the ranges of 0.95-1.5 (accumu-
lation mode) and 7.2-10 pum (coarse mode). The distribution type of
Nap was similar with other reported results (Zhou et al., 2005; Wu
et al., 2006). The remaining 16 PAHs all had a nearly unimodal particle
size distribution type with the peak in the range of < 0.95um (accu-
mulation mode) for Acy (3 ring), Ace (3 ring), and Cor (7 ring), and in
the range of 0.95-1.5 um for the rest. Different size distribution char-
acterization of PAHs from PM,, indicates that the distribution of PM;,
is not the controlling factor of the PAHs size distribution in Fenhe Plain.

The previous studies on the size distribution pattern of PAHs in
source emissions showed that PAHs mainly exhibited an accumulation-
mode-peak unimodal distribution with the peak being in fine particle
size fraction (Shen et al., 2010, 2013; Liu et al., 2014; Mu et al., 2017).
The size distribution pattern of PAHs in urban particles is always dif-
ferent from the source particles. Earlier urban studies found that LMW
PAHs have a bimodal particle size distribution type which contains one
mode peak in the accumulation size range (< 2.5um) and another
mode peak in coarse size range (> 2.5um). As the number of PAHs’
aromatic rings increases, the intensity of the accumulation-mode peak
increases gradually, while the coarse-mode peak decreases and even
disappears for five- and six-ring PAHs (Zhou et al., 2005; Duan et al.,
2007; Lv et al., 2016). The species having the same molecular weight
present similar distribution type in old air mass. This is due to that PAH
compounds will experience repartitioning processes between gas and
particle, or among different size particles after being released into the
air. Both of the processes are controlled by the vapor pressure of PAHs,
which are directly related to their molecular weight in general.
Therefore, the longer the aging time, more obvious the relationship
between the distribution type and the molecular weight. That is, PAH
compounds with the same molecular weight and similar dipole moment
have almost identical distributions with particle size (Venkataraman
and Friedlander, 1994; Wu et al., 2006).

In this study, no bimodal distribution type except Nap was observed,
and also no relationship between the distribution type and the mole-
cular weight of PAHs. Oppositely, the distribution type of our aerosol
samples is closer to that of the source samples, indicating that the PAHs
may mainly arise from local fresh emissions, and do not attain equili-
brium between particles of different size in the ambient air during short
distance transport. Previous study reported that the shorter the distance
to the source, the higher the portion of PAHs associated with fine
particles (Bi et al., 2005; Chrysikou et al., 2009). In addition, low
temperature and dry atmosphere conditions in winter of Fenhe Plain do
not favor the growth of fine combustion-generated particles and the
volatilization of PAHs from fine particles, which are important paths for
PAHs to become associated with coarse particles (Wu et al., 2006; Liu
et al., 2014).

The mass median diameter (MMD), the diameter that divides the
total mass by two (Yang et al., 2005), was calculated using an equation
provided by Kavouras and Stephanou (2002). In the samples of Fenhe
Plain, the MMD value of PM;, ranged from 0.59 to 0.89 ym with an
average of 0.75pum, which was much lower than that in other cities
such as Tianjin in China (1.84-1.88 um) (Wu et al., 2006), Guangzhou
in China (0.98 um) (Bi et al., 2005) and Thessaloniki in northern Greece
(1.26 pm) (Chrysikou and Samara, 2009). Our results suggest that the
fine particle pollution in Fenhe Plain is very severe. The MMD values of
the individual PAHs, which are lower than that of PM;,, were in the
range of 0.53-0.59 pm except Nap (0.72). The values are higher than
those of traffic exhausts (gasoline-powered cars, 0.45 pm; motorcycles,
0.15-0.42pum) (Yang et al., 2005), a heavily trafficked roadside in
southern Taiwan (~0.3mm for total PAHs in the 0.01-10 mm size
range (Lin et al., 2008)), and low caking coals (0.11-0.13 pm), but
lower than those of biomass and coal combustion emissions (indoor
crop residue burning, 0.96-1.5um; fuel wood, 0.75pum; brushwood,
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Fig. 4. (a) Compositions in percentages of PAHs in different size ranges; (b) the concentrations (ng/ms) and fractioned size composition (%) of individual PAHs.

1.4 um; low caking coals (0.95-0.98 um) (Shen et al., 2010, 2013), in-
dicating the combined pollution of these sources in Fenhe Plain. In
addition, condensation mechanisms may also account for the low MMD
values of the PAHs because the gas-particle condensation always en-
riches the aerosol fraction in the accumulation size range (0.05~2 pm)
(Bi et al., 2005; Wu et al., 2006; Zhu et al., 2014).

3.3. The effect of meteorological parameters on the size distribution of PAHs

To have a clear knowledge about the influences of meteorological
parameters on the size distribution, more analysis has been done. In the
current work, there was a significantly negative correlation between the
concentration of T-PAHs in each size range and wind speed (Table 1).
This could be attributed to the role played by the wind in the pollutant
dispersion. Wind can also influence the size distribution of PAHs as that
we can observed on the days of Dec 15 and 30 in 2014 (Fig. 2a and b).
On those two days, there were large increases in the proportion of
PM, o5-bound PAHs along with sharp increases in the wind speed
compared with the previous day, while the temperature and humidity
were almost unchanged. One possible reason is that good conditions for
dispersion of aerosol decreased the percentage of coarser particles be-
cause we can also observe significant increases of the proportion of
PMj o5 simultaneously (Fig. 2c).

Table 1 showed that there was a significant correlation between
humidity and PAHs in three particle size fractions including
0.95-1.5pum, 1.5-3.0 ym and 3.0-7.2 pm. Humidity has an important
influence on the growth of atmospheric particles due to the moisture
absorption (Chrysikou and Samara, 2009). Our results indicate that a
large part of the PAHs in the three particle size fractions were trans-
ferred from the finer particles during the growth process. Under stable
weather conditions, the influence of humidity was more obvious. Take
the period of Dec 23-27 in 2014 as an example, the temperature
changed little and the wind speed was low, the proportion of particulate
matter and PAHs in the size range of 0.95-7.2 um showed an obvious
increase accompanying with the continuous increase of the humidity
(Fig. 2a—c). The PAHs in the size range of < 0.95 um displayed an op-
posite trend. There was no statistically significant correlation between
the humidity and T-PAHs in PMy o5 and PM; » 10, indicating that the
PAHs in the two size ranges were associated with particles initially
emitted.

Although temperature can influence the vaporization and con-
densation of PAHs, none of the size ranges was observed in which the
concentration of the total particulate PAHs has significant correlation

with the temperature (Table 1). However, it is worth noting that when
the local wind speed and temperature decreased sharply simultaneously
on the day of Dec 31 in 2014, while the humidity kept stable, the
distribution ratio of PAHs increased significantly in the size range of
0.95-7.2um (Fig. 2a and b). The possible reason is that the lower
temperature and wind speed promoted the conversion of PAHs, espe-
cially low ring number PAHs, from gas phase into the particle phase.

3.4. Difference analysis of PAHs sources in different size ranges

To further identify the differences of the sources of PAHs in different
size ranges, several diagnostic ratios including BaA/(BaA + Chr), Ant/
(Ant + Phe), Fla/(Fla + Pyr), IcdP/(IcdP + BghiP) and Fla/Pyr were
analyzed which were widely used in many source identification studies.
A BaA/(BaA + Chr) ratio that is higher than 0.35 signals combustion
sources (i.e., incomplete combustion of fossil fuels and plant material),
lower than 0.2 indicates petrogenic sources (i.e., unburned fossil ma-
terial such as crude oils, coal, fuel, or various refinery products), while
between 0.2 and 0.35 indicates the mixture of petroleum and com-
bustion sources (Zhu et al., 2014; Wang et al., 2016b). The Ant/
(Ant + Phe) ratio greater than 0.1 signals combustion sources, less than
0.1 indicates petrogenic sources (Budzinski et al., 1997; Duan et al.,
2007). The Fla/Pyr ratio higher than 1.0 signals combustion sources,
while lower than 1.0 indicates petrogenic sources (Lee et al., 2005). The
Fla/(Fla + Pyr) ratios < 0.4 are usually taken as an indication of pet-
rogenic sources, > 0.5 implies coal/biomass combustion, and between
0.4 and 0.5 indicates traffic emissions (Alves et al., 2016; Wang et al.,
2016b). The IcdP/(IcdP + BghiP) ratio is below 0.2 for petrogenic
sources, above 0.5 for coal/biomass combustion, and ranges from 0.2 to
0.5 for traffic emissions (Shi et al., 2015; Wang et al., 2016b). In this
study, the values of BaA/(BaA + Chr) in different size ranges varied
from 0.41 to 0.51, Ant/(Ant + Phe) varied from 0.15 to 0.18, Fla/Pyr
varied from 1.38 to 1.52, all of which indicate that combustion is the
main source of PAHs in Fenhe Plain. Fla/(Fla + Pyr) ratios ranged from
0.58 to 0.60, and IcdP/(IcdP + BghiP) ratios ranged from 0.40 to 0.45,
further suggesting coal combustion as the predominant source. The
result is consistent with the fact that large amounts of coal are com-
busted for heating in winter of Fenhe Plain (Fig. 6).

Few differences were found in the molecular ratios of PAH com-
ponents in different size ranges. To demonstrate if it implied that the
PAHs bound to different size particles have similar sources, we further
analyzed the similarities among the PAHs profiles in different sizes by
applying the coefficient of divergence (CD) analysis. The detailed
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method has been reported in many other studies (He et al., 2014; Lv
et al., 2016). The value less than 0.2 means that two PAHs profiles are
influenced by common sources (Kong et al., 2012; He et al., 2014),
while CD values larger than 0.2 indicate heterogeneous PAHs spatial
distribution (Wilson et al., 2005; Lv et al., 2016). In the present study,
the PAHs’ CD diagrams distinguished by different colors are shown in
Fig. 7. Interestingly, the CD values either between the adjacent sizes or
between the nonadjacent sizes were all higher than 0.2, indicating that
PAHs between all of the sizes had a high spatial heterogeneity in source
factor contributions. The larger the difference between the compared
sizes, the larger the CD value for them. Different conclusions given by
the CD values from the molecular ratios of PAH components hint that

molecular ratio analysis is a rough way to do the source analysis of
PAHSs. Our results also suggest that coagulation was not the main me-
chanism for PAHs associated with coarse particles, because if it was, the
PAHs profiles in fine and coarse particles would be similar with a low
CD value (Wu et al., 2006).

3.5. The inhalation exposure and health risk evaluation of particulate PAHs

From the results of PAHs distribution, we could see an important
implication regarding health hazards from inhalation exposure. Since
the majority of HMW PAHs have mutagenic and/or carcinogenic
properties and almost exclusively exist on fine particles, these PAHs can
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Table 1
Pearson correlation coefficients between the concentrations of T-PAHs in dif-
ferent size range of particles and meteorological parameters.

Size range T RH WS P

< 0.95um 0.308 0.295 —0.720%* 0.291
0.95-1.5 pm 0.188 0.667** —0.611%* 0.231
1.5-3.0 ym 0.128 0.620%* —0.564** 0.222
3.0-7.2 um 0.027 0.470* —0.626** 0.278
7.2-10 ym 0.092 0.374 —0.644** 0.349
PMio 0.291 0.395 —0.735%* 0.296

T: Ambient temperature (°C); RH: Relative humidity (%); WS: Wind speed (m/
s); and P: Pressure (kPa).
Correlation is significant at the 0.01 level.
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Fig. 6. Diagnostic molecular ratios of PAH components in particles of different
size fractions.

<0.95pm

1.00

0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.00

0.95-1.5pm

1.5-3.0pm

3.0-7.2pm

>7.2pm

Hiy

> 3, 15 O <0,
) 0.> 3, 4 -9s,
Ay, .2/00 0”01 d, S,

'

Fig. 7. Similarity comparisons of PAHs profiles for different particle fractions.

travel deep into the human respiratory system and hence can pose a
serious health risk through exposing a person to both particles and the
loaded carcinogenic PAHs (Kameda et al., 2005; Lv et al., 2016).
Considering this, we further estimated the residential inhalation ex-
posure situation to the outdoor size-fractioned particulate-bound PAHs
in Fenhe Plain, and then evaluated the corresponding health risk.

The inhalation exposure level of PAHs was highly dependent on its
particle size distribution (Luo et al., 2015). The calculated inhalable,
thoracic, and respirable fractions of PAHs bound to PM;, were 98-99%,
98-99% and 96-98% in Fenhe Plain (Fig. 8a). This indicates that almost
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all particulate PAHs can be inhaled into the body. By comparison, those
fractions in Guangzhou urban area (91-97%, 80-95% and 67-93%) and
Qingyuan e-waste recycling zone (90-97%, 78-97% and 66-94%) of
China were a bit lower (Luo et al., 2015). The high-efficiency inhalation
of particulate PAHs in Fenhe Plain can be attributed to the very large
proportion of ultrafine and fine particles. However, only 21-35% of
particulate PAHs in Fenhe Plain could deposit in the human respiratory
system with the average level being 25.78% (Fig. 8b), which is lower
than that in Guangzhou (30%-50%) (Luo et al., 2015). This result is due
to that many ultrafine particles can be exhaled out from human body
easily although they could reach sites deep in the lungs (Hinds et al.,
1999). Therefore, the particle size distribution must be considered in
assessing the effect of particulate matters and the associated compo-
nents on human health.

The deposition efficiency showed few differences among the in-
dividual PAH components in both the tracheobronchial and alveolar
regions. However, in head region, the deposition efficiency of Nap was
much higher than that of other PAHs, followed by Flu, Phe, Ant, Fla and
Pyr, while the deposition efficiency of the rest individual components
slightly decreased along with the increase of molecular weight
(Fig. 8b). The deposition efficiency of particulate PAHs was highest in
alveolar region (13.78%), followed by head region (9.13%) and tra-
cheobronchial region (2.87%) (Fig. 8b). Correspondingly, the deposi-
tion flux of particulate PAHs in the three regions were 42.66, 30.50 and
9.00 ng/h (Fig. 8c). The total PAHs deposition flux (82.16 ng/h) is far
higher than that in indoor air of the urban community of Guangzhou,
China (3.7ng/h) (Zhang et al., 2012), and urban atmosphere of
Shanghai, China (8.8 ng/h) (Lv et al., 2016), but it is lower than that to
which traffic police in Beijing are exposed (280 ng/h) at the respiratory
rate of 0.83 m%/h (Liu et al., 2007). The deposition site of the particle-
bound PAHs in the respiratory tract was highly dependent on the par-
ticle size. The PAHs bound to PM, o5 deposited predominantly in al-
veolar region, followed by tracheobronchial region. The deposition flux
in head region was slightly lower than that in tracheobronchial region.
On the contrary, the PAHs bound to PM ¢5.19 mainly deposited in head
region, followed by alveolar region, while very few deposited in the
tracheobronchial region.

The PAHs deposited in respiratory system, especially in the alveolar
region, can be rapidly transferred into blood system and spread
throughout the body, resulting hazards for human health. Therefore,
incremental lifetime cancer risk of the deposited PAHs of the human
respiratory system was estimated. The results showed that the average
estimated incremental lifetime cancer risk in PM,;, were as high as
1693.76 cancer cases per million people (Fig. 8d). According to the
official data reported by Shanxi provincial people's hospital, lung
cancer is the top 1 cancer in Shanxi with the incidence rate being as
high as 1/1000, which is twice of the national average (SPPH, 2016).
The roles of PAHs cannot be ignored. Our study suggests that atmo-
spheric PAHs pollution should be controlled seriously to prevent the
residential people from lung cancer. The contribution of < 0.95 pm size
fraction contributed the most to the total cancer risk, reaching up to
62.44%. The contributions of the rest four particle size fractions were
21.34%, 10.84%, 4.10% and 1.29% in an increasing order of particle
size, respectively (Fig. 8d). Although the main components of the PAHs
in PM;, in Fenhe Plain were Phe, Fla, Pyr, BaA, Chr and BbF (Fig. 4b),
the major carcinogenic components were BaP, DahA, BbF, BaA, BKF and
IcdP in the 17 investigated PAHs. Their contribution to the total cancer
risk accounted for 56.53%, 13.91%, 10.53%, 9.13%, 4.05% and 3.81%,
respectively (Fig. 8d).

To have a clear knowledge about the detailed sources of the above
six carcinogenic components, we run the positive matrix factorization
(PMF) model again through the same method we have reported in a
previous study (Li et al., 2016). The data we used is the incorporation of
the two studies which were conducted at the same sampling site, be-
cause the sample number of this study can't satisfy the model require-
ment. The detailed data information and boundary conditions for the
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analysis being performed was introduced in the supplementary mate-
rials (Text S2). We find that the factor profiles haven't too much change
(Fig. S3), but the contribution of coking and coal combustion has de-
creased, while that of the traffic exhausts has a large increase from 20%
to 27% (Figs. S4 and S5). The traffic exhaust has the largest contribu-
tion to five of the major carcinogenic components-BaP, DahA, BbF, BaA
and IcdP, accounting for 68%, 95%, 65%, 56% and 84%, respectively.
For BaP, BbF, BaA and IcdP, coal combustion also has remarkable
contributions, about 30%, 23%, 31% and 10%, respectively. Coal
combustion contributes the most to BKF (47%), followed by traffic ex-
hausts (30%). Coking activity has significant contributions to BbF, BaA
and BKF, about 12%, 13% and 23%, respectively (Fig. 9).

4. Summary

In this study, health cancer risk of particulate PAHs and the major
sources of the main carcinogenic components were explored based on
the analysis of the concentration level, composition and size distribu-
tion in winter in Fenhe Plain. The results showed that the average mass
concentration of PM;, bound PAHs was 689.19 ng/m®, which is higher
than that in many other domestic and foreign cities. The < 0.95 pum size
range had an extremely high contribution to the total PAHs in PM;y,
and the MMD values were very low for both PM;, and the associated
PAHs, indicating a serious fine particle pollution in this region. Except
for Nap which exhibited a bimodal distribution, the remaining in-
dividual PAHs all followed a nearly unimodal size distribution with the
peak locating in the accumulation fraction. The distribution pattern of
the particulate PAHs is closer to that of emission sources than the urban

atmosphere in many other places. This indicates that particulate PAHs
are mainly from local emissions. In addition, the low temperature and
dry environment don't favor the redistribution of PAHs in different size
particles.

Our study finds that the distribution of PM;, is not the controlling
factor of the PAHs size distribution in the winter of Fenhe Plain, while
wind speed and humidity has significant influence on it. Although the
diagnostic ratios were considered as a convenient method for identi-
fying possible emission sources by many studies, it is hard to distinguish
the sources of PAHs in nonadjacent particles. CD analysis indicates that
PAHs between all of the sizes had a high spatial heterogeneity in source
factor contributions. Condensation is probably an important me-
chanism for PAHs size distribution but not the coagulation.

Respiratory exposure assessment finds that more than 98% of PM; -
PAHs can enter the human respiratory tract, of which more than 96%
can reach the alveolar. But only 21-35% of the particulate could de-
posit in the respiratory system. The incremental lifetime cancer risk of
inhalation exposure to particulate PAHs in Fenhe Plain was 1693.76
cases per million people. But this risk has not yet included the health
risk of gas phase PAHs. This indicates that the pollution situation of
PAHs in winter of Fenhe Plain is very serious, which poses a serious
threat to the health of the local residents. The contribution
of < 0.95 um particles to the total cancer risk is the largest, which is up
to 62.44%. The major cancer risk contributors, including BaP, DahA,
BbF, BaA, BKF and IcdP, are mainly emitted from vehicles exhausts and
coal combustion. The contribution of coal combustion has decreased,
but the contribution of traffic exhausts has an increase of beyond 7%
compared with the years before this study. Therefore, stringent
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restrictive measures on the traffic activity should be implemented as
soon as possible by the local authority of Fenhe Plain to protect the
health of local residents.
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