
Science of the Total Environment 687 (2019) 188–197

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Characterization of polycyclic aromatic hydrocarbon (PAHs) source
profiles in urban PM2.5 fugitive dust: A large-scale study for 20
Chinese cites
Xuesong Gong a,b, Zhenxing Shen a,b,c,⁎, Qian Zhang d, Yaling Zeng a, Jian Sun a, Steven Sai Hang Ho e, Yali Lei a,
Tian Zhang a, Hongmei Xu a, Song Cui c, Yu Huang b, Junji Cao b

a Department of Environmental Science and Engineering, Xi'an Jiaotong University, Xi'an 710049, China
b Key Lab of Aerosol Chemistry & Physics, SKLLQG, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an, China
c International Joint Research Center for Persistent Toxic Pollutants, School of Water Conservancy and Civil Engineering, Northeast Agricultural University, Harbin 150030, China
d School of Environmental & Municipal Engineering, Xi'an University of Architecture and Technology, Xi'an 710055, China
e Division of Atmospheric Sciences, Desert Research Institute, Reno, NV 89512, United States
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• PAHs source profiles in urban fugitive
dust PM2.5 samples were investigated
in 20 Chinese cities.

• The differences of ΣPAHs between road
dust (RD) and construction dust (CD)
were much larger in southern and east
regions.

• The ƩPAHs for RD displayed a pattern of
“high in northern and low in southern”.
⁎ Corresponding author at: Department of Environmen
E-mail address: zxshen@mail.xjtu.edu.cn (Z. Shen).

https://doi.org/10.1016/j.scitotenv.2019.06.099
0048-9697/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 22 April 2019
Received in revised form 5 June 2019
Accepted 6 June 2019
Available online 8 June 2019

Editor: Jianmin Chen
Polycyclic aromatic hydrocarbons (PAHs) in road dust (RD) and construction dust (CD) in PM2.5 were quantified
in the samples collected in 20Chinese cities. The PAHs profiles in urban PM2.5 fugitive dustswere determined and
their potential health risks were evaluated. Seven geographical regions in China were identified as northwest
China (NWC), the North China Plain (NCP), northeast China (NEC), central China (CC), south China (SC), south-
west China (SWC), and east China (EC). The overall average concentrations of total quantified PAHs (ΣPAHs)
were 23.2 ± 18.9 and 22.8 ± 29.6 μg·g−1 in RD and CD of PM2.5, indicating that severe PAHs pollution to
urban fugitive dusts in China. The differences of ΣPAHs between RD and CD were minor in northern and central
regions of China but much larger in southern and east regions. The ƩPAHs for RD displayed a pattern of “high in
northern and low in southern”, and characterized by large abundance of high molecular weights (HMWs) PAHs,
indicating that vehicle emission was the predominant pollution origin. Additionally, higher diagnostic ratios of
fluoranthene/(fluoranthene + pyrene) in NCP, CC, and SWC suggest critical contributions of biomass burning
and coal combustion for RD in these areas. In comparison, gasoline combustion was the major pollution source
for CD PAHs in NWC, NCP, NEC, and CC, whereas industrial emissions such as cement production and iron
smelting had strong impacts in the heavy industrial regions. The total benzo[a]pyrene (BaP) carcinogenic po-
tency concentrations (BaPTEQ) for RD and CD both showed the lowest in SC (0.05 and 0.07, respectively) and
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the highest in NCP (10.99 and 7.67, respectively). The highest and lowest incremental life cancer risks (ILCR)
were found in NCP and SC, coinciding with the spatial distributions of ambient PAHs levels. The total CD-
related cancer risks for adults and children (~10−4) suggest high potential health risks in NCP, SWC, and NWC,
whereas the evaluated values in EC and SC indicate virtual safety (≤10−6).

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Fugitive dust is amajor fraction of particulatematter (PM) that orig-
inates from a variety of open sources, such as paved and unpaved road-
ways, vehicular track-out, non-vegetated areas, material storage piles,
and construction-related activities (Amato et al., 2011; Bhaskar and
Sharma, 2008; Cao et al., 2008; Diego et al., 2009; Zhang et al., 2014).
It is the most prevalent component in urban PM (Yu et al., 2013; Chen
et al., 2007; Ajmone-Marsan et al., 2008). According to the statistic, fu-
gitive dust accounts for ~20% of PM with aerodynamic diameters b2.5
μm (PM2.5) inmost Chinese cities (Cao et al., 2012). Due to its heteroge-
neous origins, fugitive dust composites of a complex organic and inor-
ganic mixture on outdoor ground surfaces. The mixture can physically
contribute to atmospheric pollution through resuspension and trans-
portation. Quantities and compositions of inorganic and organic mate-
rials, such as elements, ions, and carbon fractions, in PM2.5 were often
measured to evaluate adverse effects and to conduct source apportion-
ments (Cao et al., 2008; Shen et al., 2016; Zhang et al., 2014; Sun et al.,
2019). Comparatively, important toxic organic contaminants of polycy-
clic aromatic hydrocarbons (PAHs) in PM2.5 fugitive dust have not been
thoroughly discussed.

Numerous epidemiological studies confirmed that PAHs are a critical
class of organic pollutants in fugitive dust formed from incomplete com-
bustion or pyrolysis of organic materials (Hussain et al., 2015; Manoli
et al., 2004; Han et al., 2009; Wang et al., 2018; Zeng et al., 2018). Addi-
tionally, 16 PAHs have been identified as priority control pollutants by
the United States Environmental Protection Agency (U.S.EPA) due to
their health impacts. Both short-term and long-term exposures to par-
ticular PAHs, including benz[a]anthracene, benzo[a]pyrene, benzo[b]
fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, chrysene,
dibenz[a,h]anthracene, and indeno[1,2,3-c,d]pyrene, can impair lung
function and even cause cancer (Kim et al., 2013; Diggs et al., 2011).
The importance of PAHs in fugitive dust has been widely recognized.
The concentration and chemical composition of PAHs in fugitive dust
were greatly affected by anthropogenic activities, including the emis-
sions from local transportation, industry and even air pollution trans-
mission and deposition (Yang et al., 1999; Murakami et al., 2005; Han
et al., 2009). The concentrations of PAHs in fugitive dust vary greatly de-
pending on geographical location, energy infrastructure, and urban pol-
lution. The concentrations of PAHs in PM2.5 fugitive dust in an industrial
city in Korea (Lee and Dong, 2011) were 2–8 times higher than those
collected in Delhi, India (Agarwal et al., 2009), Birmingham, UK
(Smith et al., 1995), and Niteroi, Brazil (Netto et al., 2006). Previous
studies revealed that fugitive dust PAHs in urban areasmainly originate
from cooking, smoking, mining, metal working, and oil refining (Kong
et al., 2015; Martuzevicius et al., 2011; Han et al., 2009; Iwegbue and
Obi, 2016; Lannerö et al., 2008; Armstrong et al., 2004; See et al., 2006).

Due to rapid urbanization in recent decades, the numbers of con-
struction work and traffic flow have been increasing in most Chinese
urban cities that have considerably stressed the environments, particu-
larly causing contaminations on fugitive dusts. Construction sites and
roadways are hot-spot sources for urban fugitive fine-particle PAHs,
and their pollution levels and health impacts should be investigated.
In this study, PAHs profiles in PM2.5 fugitive dusts were investigated in
20 Chinese cities, where can be defined as seven regions (northwest
China [NWC], the North China Plain [NCP], northeast China [NEC], cen-
tral China [CC], south China [SC], southwest China [SWC], and east
China [EC]) of the country. The objectives of this study are 1) to
investigate the PAHs profiles in PM2.5 fugitive dust over 20 Chinese cit-
ies; 2) to identify the potential pollution sources for both road dust (RD)
and construction dust (CD), and 3) to evaluate the potential toxicologi-
cal impacts and cancer risks for adults and children.

2. Materials and methods

2.1. Sample locations and collections

Urban fugitive dust PM2.5 sampleswere collected in 20 Chinese cities
across seven regions, including (i) NWC: Xi'an, Lanzhou, and Yinchuan;
(ii) the NCP: Beijing, Tianjin, Baoding, Shijiazhuang, Handan, and Tai-
yuan; (iii) NEC: Harbin, Changchun, and Shenyang; (iv) CC: Wuhan
and Changsha; (v) SC: Guangzhou; (vi) SWC: Chongqing, Chengdu,
and Kunming; and (vii) EC: Nanjing and Shanghai (Fig. 1). According
to geography, the NWC, NCP, NEC, and CC were grouped as northern
and central regions of China, and SC, SWC, and EC were considered as
southern region. The regional definition was consistent with previous
study shown in Sun et al. (2019), in which the source profiles of ele-
ments, ionic species, and carbonaceous species in urban fugitive dust
PM2.5 were reported.

A total of 180 sets of roaddust (RD) and construction dust (CD) sam-
ples were collected in the 20 cities on non-rainy days fromMarch 2014
to July 2015. The dust samples were collected through in-situ resuspen-
sion; that is, the dust on the ground surfacewasmanually swept using a
broom by our technical staff, simulating the work of road cleaners. RD
samples were mainly collected from urban major streets and small
streets, and the collection of construction dust wasmainly from various
types of building sites, including residential and factory construction
sites. PM2.5 mini-volume samplers (Airmetrics, Springfield, Oregon,
USA) were employed at a flow rate of 5 L·min−1 to collect the dust
PM2.5. Sampling times ranged from 30 to 60 min depending on the
real dust loading at each sampling site. At each site, one set of PM2.5

sample was collected on 47-mm-diameter Teflon membrane filters
(PM2.5 Air Monitoring Polytetrafluoroethylene Filters, Whatman Lim-
ited, Maidstone, UK) for mass measurement and elemental analysis,
and another set was collected on 47-mm Whatman quartz microfiber
filters for ionic and carbonaceous species (including PAHs) analyses.
The detailed sampling procedures were referred to Shen et al. (2016)
and Sun et al. (2019).

2.2. PAHs extraction and measurement

A quarter of each aerosol filter sample was Soxhlet-extracted using
200 mL of dichloromethane (DCM) for 24 h, and concentrated into
1 mL using a rotary evaporator. Subsequently, each extract was sepa-
rated throughflash columnfilledwith silica gel. The extractwaswashed
using 20 mL of hexane and subsequently eluted using a 15-mLmixture
of hexane andDCM(1:1 by volume). The eluentwas evaporated to 1mL
and blown down to 0.5 mL under a gentle nitrogen stream at 60 °C. The
extract was finally transferred into ampoule bottles and stored in a re-
frigerator until analysis.

Ten target U.S.EPA priority PAHs, including phenanthrene (Phe, 3–
ring), anthracene (Ant, 3–ring), fluoranthene (Fla, 4–ring), pyrene
(Pyr, 4–ring), benzo[a]fluoranthene (BaA, 4–ring), chrysene (Chr, 4–
ring), benzo[b]fluoranthene (Bbflu, 5–ring), benzo[k]fluoranthene
(Bkflu, 5-ring), benzo[a]pyrene (BaP, 6–ring) and benzo[ghi]–perylene
(BghiP, 6–ring), dibenz[a,h]anthracene (DahA, 6–ring), and indeno



Fig. 1. Maps show the division of seven regions and the averages of ΣPAHs for (a) road and (b) construction dust (indicated by bar height).
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[1,2,3-cd]pyrene (IND) (IndP, 6–ring), in the extracts were quantified
using Agilent 6890 gas chromatograph (GC)/5975 mass spectrometer
(MS) (Agilent Technology, Santa Clara, CA, USA). The extraction recov-
eries for the target PAHs was in a range of 70–120%. Phenanthrene-
D10 and perylene-D12 were added and served as internal standards
(IS) to monitor the performance and matrix effects. The recoveries of
phenanthrene-D10 and perylene-D12 were 66–109% and 76–122%, re-
spectively. Detailed analytical and quality control procedures were
shown in our publication (Wang et al., 2018).

2.3. Data analysis

2.3.1. Coefficient of divergence
The coefficient of divergence (CoD), a self-normalizing parameter,

was adopted to compare the spread of the average concentrations of
PAHs among different regions. The CoD was calculated as follows:

CoDjk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
p

Xp
i¼1

xij−xik
xij þ xik

� �2
vuut ð1Þ

where j and k represent the two profiles of the sampling sites; p is the
number of investigated ten target PAHs in this study; and xij and xik rep-
resent the average mass concentrations of PAH species i for j and k, re-
spectively. If CoDjk approaches zero, then the PAH composition profiles
are similar; if it approaches one, then the profiles are significantly differ-
ent (Zhang et al., 2014; Shen et al., 2016).

2.3.2. Assessment of health risk from PAHs exposure
The human exposure risk to the PAHs in the dusts was evaluated

using benzo[a]pyrene toxic equivalency (TEQ) and incremental lifetime
cancer risk (ILCR) factors. The risks for the target PAHs have been eval-
uated in previous studies according to the BaP carcinogenic (BaPTEQ)
measurement. In this study, BaPTEQ of the PAHs was calculated using
the following equation:

X
BaPTEQ ¼

X
Ci � TEQið Þ ð2Þ

where BaPTEQ is the cancer potency relative to BaP, and Ci is the individ-
ual PAH concentration. The TEQ values of the seven carcinogenic PAHs
were BaP (1), BaA (0.1), Bbflu (0.1), Bkflu (0.01), Chr (0.001), DahA
(1), and IndP (0.1) (US EPA, 1993; Durant et al., 1996). The guideline
value of BaPTEQ, estimated by the Canadian Council of Ministers of the
Environment to be 0.1 μg·g−1, and thus the BaPTEQ N 0.1 μg·g−1 repre-
sented high carcinogenicity.

Based on the U.S.EPA standard models, the ILCRs were divided into
three categories: ingestion (ILCRingestion), dermal contact (ILCRdermal),
and inhalation (ILCRinhalation). These ILCRs were calculated for the
urban fugitive dust PAH concentrations in each sample as follows:

ILCRIngestion ¼
CS� CSFIngestion �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BW
70

� �
3

s !
� IRIngestion � EF � ED

BW � AT � 106 ð3Þ

ILCRDermal ¼
CS� CSFDermal �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BW
70

� �
3

s !
� SA� AF � ABS� EF � ED

BW � AT � 106

ð4Þ

ILCRInhalation ¼
CS� CSFInhalation �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BW
70

� �
3

s !
� IRInhalation � EF � ED

BW � AT � PEF
ð5Þ

where CS is the sum of converted PAHs concentrations based on the
toxic equivalents of BaP using the TEQ (Nisbet and LaGoy, 1992); CSF
is carcinogenic slope factor (mg·kg−1·day−1)−1; BW is body weight
(kg); AT is average life span (years); EF is exposure frequency
(day·year−1); ED is exposure duration (years); IRinhalation is the inhala-
tion rate (m3·day−1); IRingestion is the soil intake rate (mg·day−1); SA
is the dermal surface exposure (cm2); AF is the dermal adherence factor
(mg·cm−2·h−1); ABS is the dermal adsorption fraction; and PEF is the
particle emission factor (m3·kg−1). These parameters used in the
models for children (1–6 years old) and adults (7–31 years old) were
based on the Risk Assessment Guidelines established by the U.S.EPA
and related publications, which were listed by Wang et al. (2011). The
values of CSFingestion, CSFdermal, and CSFinhalation of BaP were 7.3, 25, and
3.85 (mg·kg−1·day−1)−1, respectively, according to the cancer-
causing ability of BaP (Peng et al., 2011).

3. Results and discussion

3.1. Spatial distribution of PAHs in urban PM2.5 fugitive dust

The total concentrations of target PAHs (ΣPAHs) in the RD and CD
PM2.5 samples collected in the seven Chinese regions were showed in
Fig. 1. The levels of ∑PAHsRD varied from 2.09 to 81.22 μg·g−1 with a
geometric mean of 21.59 μg·g−1. In contrast, the ∑PAHsCD ranged
from 0.38 to 106.34 μg·g−1 with an average of 22.82 μg·g−1. The results
illustrate that the PAHs were more abundant in Chinese fugitive dust,
compared with those of Dhanbad, India (3.5 μg·g−1) (Suman et al.,
2016), Niteroi City, Brazil (0.8 μg·g−1) (Netto et al., 2006), and Califor-
nia, U.S. (0.8 μg·g−1) (Rogge et al., 2007).

With regards to geographic distribution, the mean ∑PAHsRD were
shown in a decreasing order of NCP (60.9 μg·g−1) N NWC (31.4
μg·g−1) N NEC (22.2 μg·g−1) N EC (18.3 μg·g−1) N SWC (14.0 μg·g−1)
N CC (13.4 μg·g−1) N SC (2.1 μg·g−1). In summary, the PM2.5 ∑PAHsRD
were higher in the northern than the southern Chinese cities. This can
be attributed to the accumulations from the prevalence of crustal ero-
sion, heating activities, and emissions from heavy industries in the
northern regions (Cao et al., 2012; Majumdar et al., 2012). The spatial
distribution of ∑PAHsCD was slightly different from ∑PAHsRD, while
higher value was found in SWC than NEC. The highest ∑PAHsCD (60.9
μg·g−1) and ∑PAHsRD (61.1 μg·g−1) were both seen in NCP which
were N20 and N10 times of those in SC (∑PAHsCD = 2.1 μg·g−1;
∑PAHsRD = 4.5 μg·g−1).

The concentrations varied considerably among the cities, even in the
same region, due to influences by emission quantities and meteorolog-
ical conditions. This was particularly obvious in northern China. As pre-
sented in Table S1, the NWC cities of XA, YC, and LZ exhibited relatively
high∑PAHsRD (i.e., N20 μg·g−1), whereas much lower value was seen
in YL (5.32 μg·g−1). High∑PAHsRD should coincidewith the high PAHs
in airborne PM. In fact, high ambient PM2.5 PAHs concentration was re-
ported in Xi'an (XA) (Wang et al., 2018; Zeng et al., 2018). The lower
value was seen at Yulin (YL) because it is located in the Mu Us desert
margin, where is less influenced by traffic in this noncapital city. The
distribution of ∑PAHsCD generally differed from that of ∑PAHsRD.
The highest ∑PAHsCD value was seen in XA (69.0 μg·g−1) but much
low ∑PAHsCD values were reported in other NWC cities (10.16–13.17
μg·g−1). This can be explained by the fact that Xi'an (XA) has re-
emerged as an industrial center in NWC (Zhang et al., 2014). In the
NCP region, ∑PAHsRD and ∑PAHsCD in Baoding (BD) were as high as
81.2 and 106.3 μg·g−1, respectively, followed by those of Taiyuan (TY)
(58.7 and 96.6 μg·g−1, respectively). These two are widely known as
heavy coal and steel industrial cities. In southern China, the lowest
∑PAHsRD was seen in Guangzhou (GZ). In this study, the ratios of RD
to CD were consistent and individually approached to unity in the
northern and central Chinese regions, including NWC (0.8), NCP (0.9),
NEC (1.3), and CC (1.2). This finding indicates that construction-
related activities and vehicle emissions simultaneously elevated the
abundance of PAHs in urban fugitive dust. However, the variations on
RD/CD values in the eastern and southern Chinese regions were
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considerably greater, ranging from 0.47 (SC) to 2.93 (EC). Thesemay re-
flect that more industrial and construction-related emissions were
abundant in EC regions.

3.2. Differences of PAHs in road and construction dusts

The distributions of combustion-derived PAHs (abbreviated as COM-
PAHs) including Fla, Pyr, Chr, Bbflu, Bkflu, BaA, BaP, and BghiP are plot-
ted in Fig. 2a and b. The ratios of ∑COM-PAHsRD to ∑PAHsRD ranged
from 39.7% to 90.8%, with an average of 65.5%. Additionally, the ratio
showed the trend of NCP NNWC NNEC N EC N CC N SWC N SC, suggesting
that the combustion sources in northern China were the greater con-
tributors of PAHs than those in southern China. For CD,∑COM-PAHsCD
in NCP, NWC, SWC, and NEC were more abundance than that in other
regions. These results are partially supported by Lin and Wang (2014),
which reported that NCP (i.e., Hebei), NEC (i.e., Liaoning), and NWC
(i.e., Shanxi) were the top three regions in crude steel production in
China.

As illustrated in Fig. 2c and d, the concentration of BghiP was the
most abundant PAH in RD samples collected in most cities which were
1.2–4 times higher than that in CD samples, demonstrating that vehicle
emission significantly contributed to PAHs in RD (Wu et al., 2014; Kong
et al., 2015). High levels of Pyr and Phewere also detected, emphasizing
the strong influence of diesel emissions (Jang et al., 2013). In both of RD
and CD samples, Fla comprised a substantial fraction (5%–35%). Fla is a
biomass burning indicator; thus, our finding indicates the relatively
high contribution of biomass burning to urban fugitive dust in China
(bin Abas et al., 1995; Chen et al., 2014). Regarding to geographic distri-
bution, both CD and RD samples collected in NWC region exhibited rel-
atively high concentrations of BghiP, probably ascribed to the emissions
from the heavy-duty diesel vehicles for construction works in this re-
gion. In addition, Pyr, Chr, and BbFwere themajor species in the fugitive
dust PM2.5 samples in the NCP andNWC regions. These PAHs are known
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as indicators of emissions from coal burning (Lima et al., 2005). Further-
more, B(b+ k)flu are indicators of iron smelting and coal burning, con-
siderably differed between the samples collected in northern and
southern China (Kong et al., 2013; Yang et al., 2002; Lima et al., 2005).
Therefore, the overall findings verify that heavy industrial activities con-
tributed to PAHs in urban dusts in northern China, consistent with the
energy infrastructure and consumption in this region.

CoD values were calculated among the five regions to further inves-
tigate the difference between RD and CD PAHs profiles (Fig. 3). CoD for
EC and SC were not calculated because only few PAHs were above the
detection limits in the two regions. Generally, the calculated CoD values
were high (N0.21) (Fig. 3a), indicating that the compositions of PAHs
were dissimilar across the urban areas. The highest value was seen in
SWC (0.36; Fig. 3f), revealing that PAHs in CD differed considerably
from RD in this region, mainly driven by BghiP, B(b + k)flu, and Chr.
It was noted that the higher compositions of BghiP in the RD samples
were found, implying the important contribution of vehicle emissions
at SWC. In contrast, higher concentrations of B(b + k)flu and Chr in
CD confirmed the influence of coal-related industrial activities. The
next highest CoD value was found in NEC (0.29), where higher mass
composition of Chr in CD reflected a mix of pollutions from vehicle
emissions and coal combustion. In NWC, the high mass composition of
BbF in CD suggested the strong influence of biomass burning. By con-
trast, lower CoD values (NCP:0.17; CC:0.14) were reported in NCP and
CC.

3.3. Distribution of PAHs based on number of aromatic rings

As illustrated in Fig. 4, more than four-rings PAHs (include four-
rings) were dominant in both urban RD and CD profiles. These findings
suggest a strong combustion origin for PAHs in Chinese urban fugitive
dust PM2.5 (Zakaria et al., 2002). The PAHs profiles for RD were domi-
nated by five-to-six rings PAHs, accounted for approximately 50% of
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Fig. 3. Comparison of PAH mass percentages for the road and construction dusts over five regions in China. CoD represents coefficient of divergence.
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∑PAHsRD in NWC, NCP, NEC, and CC, and 87% in EC. In EC, six-rings
PAHs were much prevalent than the cumulative three-to-five-rings
PAHs, possibly due to more pyrogenic origins (Kong et al., 2013;De
Luca et al., 2005). For CD, the proportion of four-ring PAHs was 51% in
NEC, indicating significant semi-volatile partition in both gas and parti-
cle phases (Kong et al., 2015). It was noted that the proportion of three-
rings PAHs was abundance in SC, 25% and 27% of ∑PAHsRD and
∑PAHsCD, respectively. Previous studies reported that less than three-
rings PAHs are petrogenic (i.e., emitted from petroleum and its prod-
ucts) and susceptible to long-range atmospheric transport (Chen and
Chen, 2011; Zhang et al., 2007).

A ratio of low molecular weight (LMW, three- and four-rings) to
high molecular weight (HMW, five and six-rings) (abbreviated as L/H)
was used to distinguish the dominance of pollution sources (Zakaria
et al., 2002; Kong et al., 2013; De Luca et al., 2005). The L/H for RD and
CD ranged from 0.14 to 1 and 0.06 to 1.1, respectively. The values sug-
gest considerable variation of sources for urban fugitive dust PAHs
among the Chinese cities. For RD, lower L/H was observed in SWC
(0.4) and EC (0.14) due to higher pyrogenic contribution from incom-
plete combustion of organic matter (e.g., coal, petroleum, and wood)
in industrial operations (e.g., smelting) and garbage incineration. In
contrast, the L/H for RD in NWC andNCPwere 0.63 and 0.53, suggesting
a mixture of pyrogenic and petrogenic sources, constant with those of
the coal-based industrial city of Ordos, China (0.57) (Wu et al., 2014)
and mixed vehicle emission sources (0.53) (Kong et al., 2013). Higher
L/H for RD were seen in NEC (1.0) and CC (0.82). In these regions, the
high concentrations of LMWPAHsmight be resulted from the emissions
of industrial boilers (0.81) and coal-fired power plant (1.0) (Kong et al.,
2013). Inmost of the regions, the L/H for CDwere similar to those of RD
samples, indicating interaction between the dust types. In NWC, how-
ever, the L/H for CD was beyond unity and approximately two times
of that for RD. Petrogenic input was thus a major PAHs contamination
contributor for CD in NWC.
Table 1
Diagnostic ratios of PAHs for road and construction dusts in China and comparison of typical r

Sources/sites Sample type

Urban fugitive dust
NWC Road dust
NCP
NEC
CC
SWC
EC
SC
NWC Construction dust
NCP
NEC
CC
SWC
EC
SC

Typical PAHs sources
Pyrolytic
Petrogenic
City center street (Eastern
Europe)

PM10/PM2.5 - resuspended dust

Lignite and brown coal Biomass and coal burning
Hard coal briquettes/coal tar
Wood/grasses combustion
Steel factory Coke making, sintering plant, blast furnace and stee

making
Diesel Liquid fossil fuel combustion
Gasoline
Cement production
Industrial furnaces

a Kong et al., 2015; b, c; d,Martuzevicius et al., 2011; e, Grimmer et al., 1983; f, Oros and Simone
et al., 2016; k, Caricchia et al., 1999; l, Rogge et al., 1993; m, Yunker et al., 2002; n, Li and Kam
3.4. Source identification by PAHs diagnostic ratios

The origins of PAHs in urban fugitive dust PM2.5 can be identified
using diagnostic ratios of PAHs (Tobiszewski and Namieśnik, 2012;
Yunker et al., 2002). Table 1 lists and compares the diagnostic ratios
for RD and CD samples collected in different regions in this study. In
short, Fla/(Fla + Pyr), Ant/(Ant + Phe), and BaA/(BaA + Chr) are
three diagnostic ratios applied to distinguish the contributions of
petrogenic and pyrogenic sources. The values ≤0.4, b0.1 and b0.2 of
Fla/(Fla + Pyr), Ant/(Ant+ Phe), and BaA/(BaA+ Chr) respectively in-
dicated the presence of petroleum sources, whereas the values N0.4,
N0.1, and N0.37 of Fla/(Fla + Pyr), Ant/(Ant + Phe), and BaA/(BaA
+ Chr) respectively represented pyrolytic origins. The typical ranges
for particular sources were shown in Table 1 in detail.

Among theRD samples, the ratios of Fla/(Fla+Pyr) in NWCandNEC
were 0.473 and 0.447, respectively, implying that petrogenic combus-
tion was the major source of RD PAHs in these two regions. However,
Ant/(Ant+ Phe) in the NEC's RD sample was 0.068, suggesting that py-
rolytic sources also had some extents of contribution. Conversely, the
Fla/(Fla + Pyr) ratios in NCP, CC, and SWC were N0.5, suggesting great
influences from burnings of biomass and coal materials such as lignite,
hard coal briquettes, wood and grass (Yunker et al., 2002). These results
were reinforced with the BaA/(BaA + Chr) ratios, which were N0.1 in
NCP and SWC. The highest Fla/(Fla + Pyr) ratio was seen in SC (0.78),
implying a strong diesel-related source (Sicre et al., 1987). For CD sam-
ples, the average Fla/(Fla + Pyr) in NWC, NCP, NEC, and CCwere all ap-
proximately 0.5, emphasizing that the CD PAHs were mainly derived
from gasoline combustion. However, the high Fla/(Fla + Pyr) value
(0.63) in SWC indicates the predominance of diesel-combustion source.

The BaP/(BaP+ Chr) for the RD and CD samples ranged from 0.06 to
0.58, slightly boarder than that for resuspended dusts collected in east-
ern Europe (Armstrong et al., 2004). This can be ascribed with a more
complicated pollution sources for PAHs in China. The values in NEC
eported values for source identification.

BaP/(BaP
+
Chr)

BaP/BghiP Fla/(Fla
+
Pyr)

Ant/(Ant
+Phe)

BaA/(BaA
+
Chr)

References

0.462 0.661 0.473 / 0.235 This study
0.575 0.406 0.521 0.422 0.342
0.180 0.130 0.447 0.068 0.209

/ / 0.573 / 0.429
0.292 0.111 0.513 0.326

/ / / / 0.500
/ / 0.778 / 0.394

0.099 0.148 0.509 / 0.189
0.063 0.126 0.524 0.178 0.134

/ / 0.480 / 0.103
0.489 0.171 0.525 / 0.502
0.290 0.318 0.632 0.296 0.127
0.375 0.334 / / /

/ / / / /

b0.1 N0.37 a
0.400 N0.1 b0.2 b, c

0.08–0.36 0.39–0.68 0.46–0.55 0.04–0.34 d

0.59–0.85 0.00–0.16 0.39–0.49 e, f
0.52–0.62 0.180 0.30–0.54 g, h
0.41–0.67 0.13–0.29 0.27–0.58 i

l 0.51–2.10 0.41–0.76 0.33–0.64 j

N1k 0.45–0.83l 0.6–0.7 0.11 0.18–0.69 m
b0.4k 0.20–0.58 0.06–0.27 0.23–0.89 n, l
0.3–0.4 0.4–0.5 o

0.21–0.26 p

it, 2000; g, Ratajczak et al., 1984; h, Grimmer et al., 1985; i, Jenkins et al., 1996; j, Khaparde
ens, 1993; o, Tobiszewski and Namieśnik, 2012; p, Yang et al., 1998.



Table 2
Risks of cancer for human exposure on urban road dusts in this study.

Region Value TEQ Adult Child

ILCR-ingestion ILCR-dermal ILCR-inhalation Cancer risk ILCR-ingestion ILCR-dermal ILCR-inhalation Cancer risk

Road dust
NWC Mean 3.49 2.25E-04 1.19E-05 5.20E-10 2.37E-04 8.59E-06 4.28E-05 6.63E-10 5.14E-05
NCP Mean 4.03 2.60E-04 1.38E-05 6.00E-10 2.74E-04 9.91E-06 4.94E-05 7.65E-10 5.93E-05
NEC Mean 0.91 5.89E-05 3.12E-06 1.36E-10 6.20E-05 2.25E-06 1.12E-05 1.74E-10 1.35E-05
CC Mean 0.46 2.97E-05 1.58E-06 6.87E-11 3.13E-05 1.13E-06 5.66E-06 8.76E-11 6.79E-06
SWC Mean 0.52 3.34E-05 1.77E-06 7.72E-11 3.52E-05 1.27E-06 6.36E-06 9.85E-11 7.63E-06
EC Mean 0.37 2.39E-05 1.26E-06 5.51E-11 2.51E-05 9.10E-07 4.54E-06 7.03E-11 5.45E-06
SC Mean 0.05 3.19E-06 1.69E-07 7.37E-12 3.36E-06 1.22E-07 6.07E-07 9.39E-12 7.28E-07
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and SWC's RD samples were b0.4, suggesting that gasoline combustion
was the main traffic-related source (Li and Kamens, 1993; Rogge et al.,
1993). In addition, the ratios in NWC and NCP were N0.4, implying the
predominance of diesel emissions (Caricchia et al., 1999; Rogge et al.,
1993; Yunker et al., 2002). Both CD samples collected at CC, SWC, and
EC exhibited BaP/(BaP + Chr) values of 0.3–0.4. The range demon-
strates that the PAHs were potentially emitted during cement produc-
tion since the factories located in these cities (Manoli et al., 2004;
Tobiszewski and Namieśnik, 2012). Overall, the BaA/(BaA + Chr) in
the present study varied from 0.13 to 0.50, summarizing that both
coal, wood, grass, and liquid fossil fuel combustions arewidely pollution
sources in China. It should be noted that BaA/(BaA + Chr) of N0.2 was
considered a marker for multiple sources—gasoline combustion, coal
and biomass burning, and steel production, whereas a value of 0.1 or
below indicate influences from petroleum (Yunker et al., 2002). Its
range of 0.209–0.500was obtained for RD, whereas a much lower aver-
age of approximately 0.1 for CD. The high BaA/(BaA+ Chr) ratios were
consistent to the fact that the RD were influenced by combustion
sources, while the CD was dominated by petroleum (Yunker et al.,
2002).

3.5. Health risk assessment

The high abundances of COM-PAHs for RD and CD PM2.5 in NCP and
NWC emphasize high potential health risks in these regions. To deter-
mine the age-specific cancer risks from exposure to environmental
PAHs, the estimated BaPTEQ, ILCR, and cancer risk for adults and children
in the seven regions were calculated, and the results are tabulated in
Table 2. In this study, the average BaPTEQ for RD in the seven regions
was 1.40 μg·g−1, slightly higher than the average BaPTEQ for CD of
1.22 μg·g−1. In most of the regions, the BaPTEQ values exhibited N0.1
μg·g−1, indicating high carcinogenicity in the urban dust of among
these Chinese cities.

A probabilistic risk assessment framework was applied to compare
cancer risk from exposure to PAHs for RD and CD through direct inges-
tion, dermal contact, and inhalation (Table 2) (Iwegbue and Obi, 2016;
Wang et al., 2011). The total RD-related cancer risk ranged from 3.36
× 10−6 to 2.74 × 10−4 for adults, and 7.28 × 10−7 to 5.93 × 10−5 for
children. A total RD-related cancer risks of 10−6 to 10−4 are defined as
potential health risk, whereas the risk below 10−6 suggests virtual
Table 3
Risks of cancer for human exposure on urban construction dusts in this study.

Region Value TEQ Adult

ILCR-ingestion ILCR-dermal ILCR-inhalation

Construction dust
NWC Mean 1.50 9.69E-05 5.13E-06 2.24E-10
NCP Mean 2.94 1.89E-04 1.00E-05 4.37E-10
NEC Mean 0.52 3.33E-05 1.76E-06 7.69E-11
CC Mean 0.88 5.68E-05 3.01E-06 1.31E-10
SWC Mean 2.56 1.65E-04 8.74E-06 3.81E-10
EC Mean 0.06 3.78E-06 2.00E-07 8.73E-12
SC Mean 0.07 4.27E-06 2.26E-07 9.86E-12
safety (NYS DOH, 2007). Hence, the high RD-related cancer risk in this
study should be an alert for adults. Regarding to individual ILCRs, der-
mal contact and ingestion are the main contributors to cancer risk for
adults, while ingestion is the key pathway for children. The risks for
both adults and children are mainly induced by frequent hand-to-
mouth activity whereby RD can be readily ingested. For CD, the adult
cancer risks ranged from 4.27 × 10−6 to 1.89 × 10−4, 2.26 × 10−7 to
1.10 × 10−6, and 9.86 × 10−12 to 4.37 × 10−6 for exposure through in-
gestion, dermal contact, and inhalation, respectively. For children, der-
mal exposure to CD exhibited the highest risk, followed by ingestion
and inhalation. The total CD-related cancer risk for adults was higher
than the acceptable level of 10−6 (i.e., one cancer case per one million
people), which is approximately 10 times higher than that for children.
The total CD-related cancer risk for adults was the highest (approxi-
mately 10−4) inmost north regions (i.e., NCP, SWC, andNWC), followed
by NEC and CC (10−5), and EC and SC (10−6). The results of the present
study indicated that exposure to RD from construction sources repre-
sents a potential risk of cancer for Chinese residents (Table 3).

4. Conclusion

The present study proves the high abundances of PAHs in urban fu-
gitive dusts in the seven regions in China. The five-to-six-rings PAHs
comprised a significant proportion of RD, and four-rings PAHs were
prevalent in CD, indicating that pyrogenic sources were main contribu-
tors to PAHs. The PAHs levels varied substantially across the regions in
relation to local and regional pollution sources. The highest ∑PAHsRD
and ∑PAHsCD were found in NCP, 10 times higher than those in SC. In
comparison, the PAHs for RD in the northern regions showhigher levels
of COM-PAHs than southern regions because of the intensive industrial
activities in northern China. The source characterization using diagnos-
tic ratios, additional with CoD analysis, demonstrate that the emissions
from vehicles, coal combustion and biomass burning were the major
sources of PAHs for RD,while industrial emissions comprised a substan-
tial fraction of CD. The BaPTEQ for RD and CD both show higher values in
northern and central China, in accordancewith the geographic distribu-
tion of PAHs levels. The total RD- and CD-related cancer risks for adults
were higher than those for children. The results of this study offer a crit-
ical overview on the severe pollutions on PAHs for urban fugitive dusts,
particularly in northern regions.
Child

Cancer risk ILCR-ingestion ILCR-dermal ILCR-inhalation Cancer risk

1.02E-04 3.70E-06 1.84E-05 2.85E-10 2.21E-05
1.99E-04 7.22E-06 3.60E-05 5.58E-10 4.32E-05
3.51E-05 1.27E-06 6.33E-06 9.81E-11 7.60E-06
5.98E-05 2.17E-06 1.08E-05 1.67E-10 1.30E-05
1.74E-04 6.29E-06 3.14E-05 4.86E-10 3.77E-05
3.98E-06 1.44E-07 7.19E-07 1.11E-11 8.63E-07
4.50E-06 1.63E-07 8.12E-07 1.26E-11 9.75E-07
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