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a b s t r a c t

Nineteen road dust samples were collected during 2005 in different parts of the urban area of Anshan,
Liaoning Province, China, and 11 polycyclic aromatic hydrocarbons (PAHs) species were quantitatively
analyzed using GC–MS. The results indicated that the total average concentration of PAHs over the
investigated sites ranged from 48.73 to 638.26 �g/g, with a mean value of 144.25 �g/g, higher than the
concentrations measured in previous studies. PAHs concentrations were higher with high molecular
eywords:
oad dust
olycyclic aromatic hydrocarbons
iagnostic ratios
rincipal component analysis

weight homologues (4–6 rings PAHs), accounting for 83.24–96.98%, showing combustion of petroleum
fuels was a potential source. Organic carbon in road dust was considered one of the important factors
that influenced the concentrations of PAHs in this study, and it was found that concentrations of total
PAHs were correlated with those of organic carbon in road dust. The results of diagnostic ratios analysis
showed traffic emission (gasoline or diesel) was one of the most important sources of road dust PAHs.

ysis (
y, coo
Principal component anal
from traffic, steel industr

. Introduction

Substantial researches show the fugitive dust (or geological
ust) is a major contributor to ambient particulate matter in urban
reas [1–14]. Paved road dust is an important type of fugitive dust.
his kind of dust is chemically similar to the primary portion
f the atmospheric aerosol in many aspects, and has a dynamic
elationship with atmospheric aerosol by resuspension into and
edeposition from the atmosphere [15].

In China, most studies have focused on heavy metal ele-
ents contained in road dust, while the available data or relative

esearches on PAHs in road dusts are quite limited. On urban road
urfaces, PAHs from various origins (e.g. weathered materials of
oad surfaces, automobile exhaust, lubricating oils, gasoline, diesel
uel, tire particles, construction materials and deposited materials)
re present as road dust [16]. Moreover, some road dust PAHs will

eturn to the atmosphere by evaporation or wind raise [17].

Liu et al. [18] collected road dust samples from central Shang-
ai in winter (January) and summer (August), respectively, and
nalyzed the 16 PAHs in the United States Environmental Pro-
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ankai University, Tianjin 300071, China. Tel.: +86 2223503397.
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PCA) indicated that the major sources of road dust PAHs might be emission
king and coal combustion.

© 2009 Elsevier B.V. All rights reserved.

tection Agency (USEPA) priority pollutants list, finding that road
dust PAHs in central Shanghai mainly a mixture from traffic and
coal combustion. Hassanien and Abdel-Latif [19] collected road
dust samples and analyzed PAHs in 17 sites over Greater Cairo,
Egypt, and concluded that vehicular traffic, industrial emissions
and the incomplete combustion of open waste burning were the
main sources of road dust PAHs. Furthermore, PAHs concentra-
tion in road dust was found to vary with the distance from the
source of pollution [20]. Butler et al. [21] have demonstrated higher
benzo(a)pyrene (BaP) concentrations in road dust near complex
road interchanges than those in remote areas.

In this study, a road dust sampling campaign was conducted in
Anshan, an important iron and steel city in northeastern China. The
objectives of this study were (1) to determine the concentration,
distribution, carcinogenic risk of road dust PAHs in the urban area
of Anshan; (2) to elucidate potential sources of road dust PAHs;
(3) to establish an environmental evaluation and serve as essential
information for future study, such as health risk assessment.

2. Materials and methods
2.1. Study area description

Anshan is the third largest city in Liaoning province of China.
Situated in the central area of the province, Anshan is about 92 km

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zbai@nankai.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.05.059
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nitrogen stream in 60 C water bath. The extracts were transferred
into two ampoule bottles and stored in refrigerator until GC/MS
analysis [26].

A gas chromatography coupled to mass spectrometry (trace
2000 GC–MS, Thermo Finnigan, USA) was used for determining

Table 1
Locations and character of sites over the urban area of Anshan.

ID Site name Functional zone

1 Lishan Bridge Industrial zone
2 Labor Union Mixed zonea

3 Old Man Center Residential zone
4 Jiefang Road Bridge Mixed zone
5 Lishan culture center Mixed zone
6 City square Mixed zone
7 Qianlonghu community Residential zone
8 Environmental monitoring center Residential zone
9 Traffic management agency Mixed zone

10 February 19th Park Mixed zone
11 South gate of Anshan Iron and Steel Corporation Industrial zone
12 Tiexi Government Mixed zone
13 High School of Anshan Iron and Steel Corporation Residential zone
14 Zhangda Square Residential zone
15 Tuanjie Primary School Residential zone
Fig. 1. (a) Locations of Anshan (b) the ge

outh of Shenyang, the province’s capital. Anshan is on the bound-
ry between the Mountains of eastern Liaoning and the plains of the
est. Steel manufacture, metallurgy, mining, and chemical engi-
eering are its dominant industries, all of which are high energy
onsumers and high pollution emitters. Due to the rapid growth
f industrial production, building activities, population and traffic
ensity, the air quality has been deteriorating during recent years
22].

Fig. 1 illustrated the detailed location of Anshan (N40◦27′–
1◦34′, E122◦10′–123◦13′): the city lies in the central area of Liaon-
ng Province with Qianshan Mountain in the east. It has 1.45 million
esidents in its 624 km2 areas. The prevailing wind directions in
nshan are south in summer, and north in winter. Temperature

nversion occurs frequently during the wintertime.
As shown in Fig. 1, Anshan Iron and Steel Corporation is located

n the northwestern part of the city and has an area of 29 km2, nearly
quarter of the urban area. It is one of the largest iron–steel enter-
rises of China, including power generation, mining, beneficiating,
interablity, coking, iron-smelting, steel-making, steel-rolling, etc.,
ith the iron and steel producing ability of 12 million tons per year.
eanwhile, the corporation emitted large amount of air pollutant

nd industrial dusts, with yearly emissions of 2.4 × 105 tons of coal
ombustion fly ash and 6.8 × 105 tons of industrial dusts in 2005
22].

.2. Sampling

Paved road dust samples were collected from the 19 sampling
reas chosen across the urban area of Anshan as shown in Fig. 1
n August, 2005. All sampling sites were selected to represent dif-
erent functional area. Classification of sites was shown in Table 1.
ites 16, 17 and 18 were set in the area of Anshan Iron and Steel Cor-
oration, representing highly industrialized area of Anshan. Except
hese three sites, all sites were located close to the main stem or
ntersection. Sites 1, 2, 3, 5, 6, 11, 12 and 15 were located close to
nshan Iron and Steel Corporation, and 3, 7, 8, 13, 14, 15 were in
esidential area with high density population. All 19 samples were
wept from representative portions of major paved road surfaces
ith a plastic brush and dustpan.

Each dust sample was weighed after being dried in the vac-
um freeze dryer to remove the moisture. After drying, the samples
study area and road dust sampling sites.

were sieved through a 160-mesh screen to remove hair, fibers and
other larger particles. Then the sieved samples were suspended in
a resuspension chamber [23–25] and sampled through PM10 inlets
onto quartz-fiber filters. Filters were weighed both before and after
sampling by a sensitive microbalance (Mettler M5). The balance
sensitivity was ±0.010 mg.

2.3. Polycyclic aromatic hydrocarbons analysis

2.3.1. Sample analysis
For PAHs analysis, the filters were extracted ultrasonically with

dichloromethane, concentrated using a rotary evaporator, puri-
fied with a silica gel cleanup technique, reconcentrated by rotary
evaporation, and finally condensed to exactly 1 mL under a gentle

◦

16 Steel-making section Industrial zone
17 Sinterability section Industrial zone
18 Iron-making section Industrial zone
19 Xingsheng Road developing area Mixed zone

a Mixed zone: industrial and residential mixed zone.
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Table 2
Concentrations of individual PAH (�g/g) in road dust of different sites (sampling period: August, 2005).

Site PHE ANT FLU PYR CHR PER BkF BaP DbahA BghiP IND �PAHs OC (%)

1 21.18 2.01 39.91 29.11 20.93 24.13 15.91 13.56 34.12 31.32 13.38 245.55 7.61
2 10.62 1.21 18.69 14.38 8.39 9.71 7.23 14.13 16.25 14.40 5.95 120.96 4.26
3 12.66 1.33 21.89 16.26 10.32 12.25 7.69 6.83 18.63 14.69 6.51 129.05 4.88
4 12.34 1.38 23.18 19.47 12.84 14.34 26.67 8.27 24.21 20.02 8.50 171.21 7.43
5 9.89 1.24 14.58 16.12 8.45 13.90 7.27 11.08 15.28 12.42 4.86 115.08 4.22
6 12.54 3.16 –a 33.53 14.47 22.59 13.17 12.03 – 26.99 10.05 148.53 5.25
7 11.23 1.44 23.53 25.69 13.20 22.30 – 11.46 – 12.84 5.22 126.91 4.70
8 12.16 1.38 22.79 16.41 12.93 19.57 9.19 8.42 21.50 19.04 7.74 151.13 6.16
9 9.22 1.07 – 17.74 7.12 10.92 – 7.15 14.68 11.41 4.65 83.97 3.59

10 4.05 0.82 5.02 5.39 1.93 10.90 11.13 7.47 – 2.03 – 48.73 3.27
11 4.58 1.13 7.17 4.46 1.95 11.62 11.91 7.08 7.36 1.89 – 59.15 3.47
12 5.59 1.58 10.99 5.61 5.18 19.14 16.72 10.72 – 1.92 – 77.44 3.52
13 9.64 0.57 4.32 4.26 1.84 10.44 12.19 3.39 12.21 2.08 – 60.95 3.51
14 5.58 0.58 5.31 6.54 7.58 24.01 16.38 9.35 5.79 4.26 – 85.38 3.89
15 4.66 0.99 7.83 8.43 7.30 25.21 18.16 12.62 5.51 3.83 – 94.55 3.97
16 35.36 5.36 70.63 73.92 53.79 163.76 67.73 44.21 49.60 49.93 23.97 638.26 7.67
17 9.90 2.78 22.67 14.61 8.49 30.26 24.75 16.48 20.62 8.17 – 158.74 6.35
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18 3.89 0.49 – 18.43 10.92 46.19
19 6.77 2.59 12.43 12.15 1.57 15.96

verage 10.62 1.64 16.36 18.03 11.01 26.70

a “–” no detected.

AHs with selected ion monitoring (SIM). A fused-silica DB-5MS
apillary column (30 m × 0.32 mm i.d., 0.25 �m film thickness) was
sed. Helium with a purity of 99.999% was used as the carrier gas
t a constant flow of 1.0 mL min−1. A 2 �L volume was injected by
pplying a hot splitless injection technique. The temperature pro-
ram of the oven was started at 70 ◦C (for 1 min) and increased at a
ate 10–300 ◦C min−1 and was held for 10 min. The mass spectrom-
ter was operated in the electronic impact (EI) mode with an ion
ource at 200 ◦C and the electron impact energy was set at 70 eV.
dentification of the PAHs compounds using GC-MS was based on a
ombination of retention times and relative abundances of selected
ons. Quantification of individual compounds was based on the
omparison of peak areas with those of the internal standards [27].
he method of GC/MS analysis was according to the Method TO-13A
28]. For each sample, the procedures of sampling, pretreatment,
nd analysis had been completed within one month.

The PAH determined in the process were: phenanthrene (Phe),
uoranthene (Flu), anthracene (ANT), pyrene (Pyr), chrysene (Chr),
erylene (Per), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP),

ndeno(1,2,3-c,d)pyrene (IND), dibenz(a,h)anthracene (DahA),

enzo(g,h,i)perylene (BghiP).

The content of organic carbon (OC) in road dust was also
easured using an Element Analyzer (Elementar Analysensys-

eme GmbH VarioE1, Germany), in order to study the relationship
etween OC and total PAHs in road dust.

Fig. 2. Percentage of different rin
33.00 22.61 9.63 – – 145.16 4.98
15.68 10.65 – 2.21 – 80.01 3.52
16.57 12.50 13.44 12.60 4.78 144.25 4.86

2.3.2. Quality assurance
Field blanks (quartz-fiber filters, 45 mm in diameter, type

2500QAT-UP, Pall Life Sciences, U.S.A.), which accompanied sam-
ples to the sampling sites, were used to determine any background
contamination using same analysis method with samples. Concen-
trations of PAHs in the blanks were below the detection limits in all
analysis.

Each standard and sample was measured in duplicate, and the
sample was re-analyzed if the relative standard deviation of the two
measurements was higher than 5%. In the present study, all labo-
ratory tools used in sample collection, analysis, and storage were
soaked in 10% HNO3 for two days and then rinsed thoroughly with
distilled and double distilled water, respectively.

For every set of 10 samples, a reference sample was run to check
the interference, cross-contamination and minimize any errors due
to losses during the extraction, cleaning, and concentration pro-
cedures. The averaged recoveries for the studied PAH compounds
were 93.5–98.4%.

3. Results and discussion
3.1. Concentration of PAHs in road dust

PAHs concentrations in road dust for all sites were presented in
Table 2. Different levels of 11 PAHs species were detected in road

gs in road dust total PAHs.
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ig. 3. Relationship between road dust organic carbon and total concentrations of
AHs in road dust samples at different locations in urban areas of Anshan.

ust samples of all 19 sites. Total PAHs concentrations ranged from
8.73 to 638.26 �g/g. The highest concentration was observed at
ite 16, which was located inside the Anshan Iron and Steel Corpora-
ion and close to the coking section. The lowest value was recorded
t site 10, which could be attributed to the low traffic density and
bsence of industrial activities influence. Except sites 11 and 12, all
ites inside or close to Anshan Iron and Steel Corporation (sites 1,
, 3, 5, 6, 15, 16, 17 and 18) had high concentration of total road
ust PAHs. Another three sites, 4, 7 and 8, located in the intersec-
ion, were also high in the concentration of total road dust PAHs.
ccording to the results shown in Table 2, the concentrations of

otal PAHs in road dust are higher than those measured in other
tudies. For example, 70.4 �g/g in Cairo (Egypt) [19], 58.7 �g/g in
rban Pasadena, CA (USA) [29], 14.1 �g/g in summer and 20.6 �g/g

n winter in central Shanghai area (China) [18], 16.1–65.8 �g/g in
aichuan, central Taiwan (China) [30], and 12.6–93.7 �g/g in urban
irmingham (UK) [31].

The highest average concentrations for PAH species in Anshan’s
oad dust were for PER of 26.70 �g/g followed by PYR and BkF with
verage levels of 18.03 and 16.57 �g/g, respectively. Meanwhile, the
owest measurable species in dust were ANT and IND with average
oncentrations of 1.64 and 4.78 �g/g.

Examined PAHs could be classified according to their number

f aromatic rings as follows: 3-ring including PHE and ANT; 4-ring

ncluding FLU, PYR, and CHR; 5-ring including PER, BkF and BaP,
rings including DbahA, BgihP, IND. The percentage of different

ings total PAHs was shown in Fig. 2. Low molecular weight PAHs
omologues (including 3 ring PAHs) took up lower fraction in total

able 3
iagnostic ratios of road dust PAHs in the urban area of Anshan.

iagnostic ratios IND/(IND + BghiP)a BaP/(BaP + CHR)b

his study 0.27–0.32 0.39–0.87
ther studies
asoline engine 0.18 0.73
iesel engine 0.35–0.7 0.5
oal/coke 0.56 –
melter – –

a Refs. [41–44].
b Refs. [45,46].
c Refs. [47,48].
d Refs. [49].
e Refs. [29,30,42,43,50,51].
aterials 170 (2009) 934–940 937

PAHs, whereas high molecular weight PAHs homologues (includ-
ing 4–6 ring PAHs) accounted for higher fraction, ranging from
83.24% to 96.98%. The high fraction of high molecular weight PAHs
in total PAHs indicated that they mostly came from the combustion
of petroleum fuels [18].

3.2. Effect of organic carbon (OC) in road dust

Several studies have shown that PAHs are strongly retained by
the soil matrix [32,33]. The partitioning concept of soil sorption of
organic contaminants indicates that the sorption of hydrophobic
organic molecules is determined by the organic carbon content of
the substrate [34]. The organic matter concentration is considered
to be a very important variable related to PAHs pollution of soils
[35]. In this study, the relationship between organic carbon and
total PAHs in road dust was calculated.

Organic carbon in road dust varied highly, ranging from 3.27%
to 7.67% with a mean of 4.86% (Table 2). A regression analysis was
conducted to investigate the relationship between

∑
PAHs concen-

trations (11 compounds, �g/g.) and organic carbon contents (OC, %).
The result showed a positive exponential relationship (Fig. 3).

This result demonstrated that higher
∑

PAHs concentrations
were mainly observed in road dust with higher organic carbon,
which can be described by the following equation (the

∑
PAHs

value of 16th site was an outlier, and was deleted in the linear
regression):
∑

PAHs = 33.729 × OC−41.681, n = 18, R2 = 0.880

where
∑

PAHs is the total concentrations of 11 PAHs in road dust
(�g/g), and OC is the amounts of organic carbon in road dust (%). This
relationship illustrated that the level of road dust contamination
with PAHs may be affected by organic carbon contents, although
the input of PAHs to each site is rather different.

3.3. Source analysis

3.3.1. Diagnostic ratios
The diagnostic ratio method for PAH source identification

involves comparing ratios of pairs of frequently found PAH emis-
sions [36]. It is possible to use PAHs in distinguishing emissions
[31,36–38]. The concentrations of several marker compounds and
their ratios can give several indication about the influence of
different sources. Table 3 provides several information on diag-
nostic ratios for PAHs, such as IND/(IND + BghiP), BaP/(BaP + CHR),

BaP/BghiP, IND/BghiP and Flu/(Flu + PYR).

IND/BghiP values obtained in this study were 0.37–0.48, which
were similar to that for gasoline engine emission. BaP/(BaP + CHR)
values were between 0.39 and 0.87, which were between the value
of gasoline and diesel engine emission. BaP/BghiP ratios ranged

BaP/BghiPc IND/BghiPd Flu/(Flu + PYR)e

0.41–5.57 0.37–0.48 0.45–0.66

0.5–0.6 0.27–0.4 0.4
– 1 0.6–0.7
>1.25 1.06–1.12 –
– 0.88–1.18 –
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Table 4
PCA analysis of road dust PAHs in the urban area of Anshan.

Species Factor 1 Factor 2 Factor 3 Factor 4
Percent of variance (%) 34.73 31.30 19.62 8.59

PHE 0.74 0.34 0.43 0.27
ANT 0.48 0.45 0.11 0.73
FLU 0.52 0.37 0.49 0.25
PYR 0.76a 0.54 0.16 0.28
CHR 0.69 0.60 0.28 0.16
PER 0.40 0.84 0.20 0.20
BkF 0.18 0.90 0.28 0.19
BaP 0.35 0.86 0.17 0.20
DbahA 0.48 0.32 0.81 0.07

gies for atmospheric p-PAHs and VOCs in Northeastern China”
(2007–2008 Special Environmental Research Fund for Public Wel-
Fig. 4. Correlation between BghiP and total PAHs in road dust.

rom 0.41 to 5.57, covering the sources of gasoline engine emis-
ion and coal combustion. While for values of IND/BghiP and
lu/(Flu + PYR), they were also in the range of traffic emission. The
iagnostic ratios obtained in this study implied that traffic emission
from gasoline or diesel engine) and coal combustion were major
ources of road dust PAHs. Moreover, in addition to the emissions
elated to transportation, additional emissions of PAHs due to abra-
ion of rubber tires, asphalt road surfaces, and brake linings should
ot be ignored [39,40].

Furthermore, typical combustion emitted PAHs can be indicated
y

∑
COMB (combustible PAHs species: FLA, PYR, BaA, CHR, BbF,

kF and BbP) [52]. High ratios of
∑

COMB to
∑

PAHs suggest more
ombustion activities [53]. While

∑
COMB/

∑
PAHs ratios of road

ust in this study were found to range from 0.31 to 0.59. The mean
atio over Anshan was 0.42, showing the influence of traffic emis-
ion on PAHs concentration [19]

Correlation factors between BghiP and total PAHs was calculated
n this study (the

∑
PAHs value of 16th site was an outlier, and the

ghiP in 18th sample was not detected). Therefore, these two sam-
les were deleted in the linear regression, and good correlation was
bserved (R2 = 0.7819) as shown in Fig. 4. Considering BghiP is asso-
iated with vehicular emissions [54], it is concluded that vehicular
missions are the dominant source of particulate PAHs if there was
ood correlation between BghiP and total PAHs. Therefore vehicular
missions may be an important source for PAHs in Anshan.

.3.2. Principal component analysis (PCA)
The principal component analysis (PCA) was conducted in this

tudy to identify the potential sources for road dust PAH. The PAH
rofile was determined by calculating the ratios of individual PAH
oncentration to the total PAHs concentration [55]. The score and
oading plots can show the similarities between ambient PAH pro-
les.

The results from PCA analysis on road dust PAHs are presented
n Table 4, where four principal components, which probably rep-
esented the four source categories, were identified.

A high factor loading of Flu, Pyr, and especially BghiP has been
onsidered for gasoline-powered vehicles [45,56], whereas Guo et
l. [46] also included BaA, B[a]P, BbF, BghiP, and IND as source mark-

rs for gasoline emission. The high loading factors of source markers
or vehicular emissions in Factor 1 such as PYR, BghiP and IND in
able 4 indicated that vehicle emission was one of the major sources
f road dust PAHs.
BghiP 0.87 0.24 0.32 0.26
IND 0.88 0.27 0.31 0.18

a Factor loadings are higher in the factor shown in bold.

A high level of Ant, Phe, B[a]P, BghiP, and CHR has been sug-
gested for steel industry emissions [42]. Several studies suggested
that Flu, PYR with high factor loading of BbF and BkF indicated
diesel-powered vehicles [45,56]. Therefore, high loading factors of
PER, BkF and BaP in Factor 2 were likely to be related to the source
makers of steel industry emissions or diesel emission.

In Factor 3, high loading factor of DbahA was observed. It proba-
bly originated from some other DbahA emission sources. According
to several researches in China, vapors from rapeseed oil were muta-
genic [57,58], and DbahA was extracted from rapeseed oil [59]. This
is caused by Chinese traditional cooking style, and people exposed
to the emitted fumes of cooking oils are at increased risk of con-
tracting lung cancer [60]. Therefore, Factor 3 can be considered as
the cooking emission.

For Factor 4, the loading factor of ANT was larger than 0.50.
According to Duval and Friedlander [56] and Khalili et al. [45], ANT
had been identified in coal combustion, coke production or wood
combustion.

4. Conclusions

The concentrations of road dust PAHs in the urban area of Anshan
were high, compared to other studies. The average concentration of
total 11 PAHs was 144.25 �g/g. PAH species with the higher average
concentrations were PER, PYR and BkF, while the lowest species
were ANT and IND. Furthermore, the concentrations of PAH species
with 4–6 rings were higher at all sites. Total concentrations of PAHs
in road dust were highly correlated with road dust organic carbon,
indicating that road dust organic carbon might be an important
factor determining the retention of PAHs in road dust. Diagnostic
ratios and PCA results indicated the major possible sources for road
dust PAHs in Anshan were traffic emission, steel industry emissions,
cooking emission and coal combustion.

Therefore, this study suggested that the mitigation of road dust
PAHs pollution in Anshan should emphasize on controlling the traf-
fic exhausts, industrial emissions and coal combustion.
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