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a b s t r a c t

Comparisons between concentration, size effect, molecular distribution, and toxicity of polycyclic aro-
matic hydrocarbons (PAHs) in urban road dust of Ulsan, Korea, were carried out. The road dust was
collected at eleven representative urban sites offering unique road characteristics. The road dust was
separated into four size categories as follows: 850–2000 �m, 180–850 �m, 75–180 �m and less than
75 �m. PAHs in the categorized road dust were ultrasonically extracted by a mixture of dichloromethane
and n-hexane (1:1) for 30 min. Sixteen PAHs were specifically identified by a high performance liquid
chromatography method. Pavement type, traffic volume, vehicle speed and surrounding environment of
the study roads greatly affected the overall PAH road dust concentration. The molecular distribution of
PAHs was strongly affected by vehicle type, surrounding area and pavement type of road. When the road
avement

ehicle speed
raffic density
oxicity

dust particle size decreased, the total concentration of PAHs increased. The existence of coarse asphalt
particles due to the abrasion of new asphalt pavement at some sites could increase the total PAH con-
centration to a size of 180–850 �m. PAHs in road dust were also evaluated for toxicity using the reported
toxicity equivalency factors. The toxicity of PAHs in road dust showed a strong correlation to the total PAH
concentration (r2 = 0.955). However, the coefficients of determination (r2) for the sizes of 850–2000 �m,

and
180–850 �m, 75–180 �m

. Introduction

Vehicle emissions are a significant and complex source of pollu-
ants within urban areas. Motor vehicles account for approximately
6% of the total yearly emission of polycyclic aromatic hydrocar-
ons (PAHs) in the United States [1]. PAHs are widespread organic
ollutants containing two or more aromatic rings that are fused
ogether in different arrangements [2]. Since many PAHs and their
erivatives are considered to be carcinogenic and/or mutagenic
ompounds, they have been a great cause of concern for envi-
onmental scientists in recent years [3–8]. Anthropogenic PAHs
re usually generated from incomplete combustion of gasoline,
iesel and other types of fuel which are used in many processes

ncluding automobiles and engines operation, domestic cooking
nd heating systems, refuse burning and various industrial activ-
ties [2,9–13]. Because of the significant contribution of vehicle
missions to PAHs within the atmosphere, road dust has a high

otential for containing these compounds. It has been reported
hat vehicle exhausts, lubricating oils, weathered materials of road
urfaces, tire particles, asphalt pavement, construction materi-
ls, and atmospherically deposited materials are responsible for

∗ Corresponding author. Tel.: +82 52 259 2864; fax: +82 52 259 2629.
E-mail address: bklee@ulsan.ac.kr (B.-K. Lee).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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less than 75 �m were 0.966, 0.998, 0.707 and 0.514, respectively.
© 2009 Elsevier B.V. All rights reserved.

PAH concentration in the surface of road dust within urban areas
[7,8,14–16]. Also, it has been confirmed that diesel vehicle exhaust,
tire abrasion and pavement are major contributors of PAHs in road
dust in Japan [16]. The mixing effect of traffic emission and coal
combustion was demonstrated as the main source of PAHs in road
dust in central Shanghai, China. PAHs in road dust can affect human
health as well as the ecosystem when road dust is dispersed into
the air under wind effects and washed off into the aquatic environ-
ment during the rainy season [15,17–19]. It has been confirmed
that 28% of fine-sized aerosol within the atmosphere originates
from road dust, while 57% of coarse size fractions originate from
road dust [20]. Hoffmann et al. [19] estimated that 36% of environ-
mental PAH input was due to urban runoff. Urban runoff has been
recognized as an important PAH pathway to water environments
and aquatic ecosystems [21]. Due to the strong effects of PAHs in
air and water environments, road dust has become a great concern
in recent research.

The concentration of PAHs within road dust was assumed to
be influenced by traffic density and the deposition rate of atmo-
spheric particulate matter [3]. Butler et al. [22] and Li et al. [23]

also found that PAH concentrations within road dust varied by the
distance from the sources of pollution. The purpose of this study
was to analyze the effect of road characteristics on the concentra-
tions and toxicities of PAHs found in road dust. This study identified
characteristics of PAHs in road dust collected from roads with vary-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bklee@ulsan.ac.kr
dx.doi.org/10.1016/j.jhazmat.2009.10.039
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Table 1
Summary of the characteristics of road dust sampling sites.

Category of road Characteristic Sampling site

Pavement type Concrete 1
Asphalt 2

Traffic density High (rotary 1, 2, 3) 3, 4, 5
Low (residential 1, 2, 3) 6, 7, 8

Fraction of diesel vehicle Higher 9
Lower 10

Vehicle speed Low 11
Medium 10
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Surrounding area Typical urban residential 6
Industrial residential 8

ng conditions, vehicle movements and environments. Investigated
oads were categorized based on their pavement materials, traf-
c density, vehicle types, vehicle speed and characteristics of the
urrounding area.

. Materials and methods

.1. Sampling site description

Ulsan is a representative industrial city with the largest
etrochemical industrial complex (IC), non-ferrous metallic IC,
echanical and shipbuilding IC of Korea (Fig. 1). This city has a pop-

lation of more than 1.1 million as well as wide coastal areas. The
eature of airborne pollutant emissions for this city is quite differ-
nt from other cities in Korea due to the high emission contribution
rom industries. Industrial and vehicle emissions are responsible for

6% and 18% of the total air emissions in Ulsan, respectively, when
ompared with 27% and 41% of them in South Korea [5].

Eleven sites representing different characteristics of road and
raffic were chosen for comparison (Fig. 1). The characteristics of
ach selected road are categorized and summarized in Table 1:

Fig. 1. A map of the road dust
us Materials 175 (2010) 540–550 541

• Types of pavement: Sites 1 and 2 are representative of both a con-
crete and asphalt road, respectively. These two sites are located
along the same highway of Ulsan, thus they have the same traffic
density.

• Traffic volume: Sites 3–8 are representative of two road cate-
gories in terms of traffic density. Sites 3–5 are rotary areas which
have a relatively high traffic density with an average of 33,570
vehicles per day in comparison to sites 6–8 in residential areas
with an average of 8480 vehicles per day.

• Different fractions of diesel vehicles: Site 9 represents a road
whose diesel vehicle fraction is higher than that of site 10. The
fractions of diesel and gasoline vehicles at site 9 are 33.1% and
67.9%, respectively, while they are 18.2% and 81.8% at site 10,
respectively.

• Vehicle speed: There are three categories of road in terms of vehi-
cle speed. Sites 11, 10 and 2 represent roads with low, medium
and high vehicle speeds, respectively.

• Surrounding area: Two residential sites numbered 6 and 8 were
chosen for a comparison between the urban residential area and
the industry-nearby residential area. Site 6 is a typical urban resi-
dential area in that it is remote from industrial areas. Meanwhile,
site 8 is also a residential area but it is located near the petro-
chemical IC and the non-ferrous metallic IC.

2.2. Sample collection and preparation

Road dust samples were collected using a vacuum cleaner
equipped with a 15 cm × 15 cm × 15 cm filter pack in March of 2006.
An approximate amount of 500 mg of road dust sample was col-
lected from each sampling site along approximately a 100 m length
and 0.3 m width of both sides of each road. After sampling was com-
plete, the entire filter pack containing the road dust was put into

a sealed plastic bag and transported to the laboratory for sample
pre-treatment and analysis.

Road dust samples were spread out into a height of less than
0.5 cm in a clean room with conditions of 20 ± 1 ◦C and 40 ± 5%RH
and were dried at room temperature for seven days before being

sampling sites in Ulsan.
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Table 2
Sixteen PAHs classified by molecular weight and cyclic ring number.

Low MW PAH Ring # Medium MW PAH Ring # High MW PAH Ring #

Naphthalene (NaP) 2 Fluoranthene (FL) 4 Benzo(b)fluoranthene (BbF) 5
Acenaphthylene (AcPy) 3 Pyrene (Pyr) 4 Benzo(k)fluoranthene (BkF) 5
Acenaphthene (Acp) 3 Benzo(a)anthracene (BaA) 4 Benzo(a)pyrene (BaP) 5
Fluorene (Flu) 3 Chrysene (CHR) 4 Dibenzo(a,h)anthracene (DBA) 5
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Phenanthrene (PA) 3
Anthracene (Ant) 3

ote: MW stands for molecular weight.

anually filtered through a 2 mm sieve in order to remove larger
articles as well as any impurities. Three stainless steel sieves with
creen sizes of 850 �m, 180 �m and 75 �m were used to separate
he road dust particles with a diameter of less than 2 mm into four
article sizes as follows: 850–2000 �m, 180–850 �m, 75–180 �m,
nd less than 75 �m. The four categorized particle sizes of road dust
amples were weighed in order to identify their size fractions. The
eight fraction of each size was identified as the ratio of its weight

o the total weight of all four sizes. The road dust samples were
tored separately in zip-loc bags in a desiccator.

.3. PAH extraction and analysis

Prepared road dust samples were put in a desiccator for 48 h
n order to minimize weight errors due to varying moisture levels.
oad dust samples conditioned in desiccators were homogenized
y mixing with a stainless steel spatula for more than 5 min. Road
ust samples weighing 2 g were stored within a vial and extracted
ith a mixture of n-hexane and dichloromethane (DCM), with a

olume ratio of 1:1 in an ultrasonic bath (Branson 1210 Sonic bath)
or 30 min at room temperature around 20 ◦C [24,25]. Then, the
xtract was filtered through a 5B Advantec filter paper and was
oncentrated to 2 ml by use of a Sibata BIP-1200 nitrogen con-
entrator. The concentrated solution was sent for PAHs analysis
sing a high performance liquid chromatograph (HPLC) with the
hromspher 5 PAH 4.6 mm (ID) × 150 mm (L) column and a 310
V detector at 260 nm. A mixture of acetonitrile (ACN) and water
as used as the mobile phase with a solvent gradient method and
flow rate of 1.0 ml/min at 35 ◦C. Sixteen PAHs included in the
S Environmental Protection Agency list were analyzed as shown
able 2: naphthalene (Nap); acenaphthylene (AcPy); acenaph-
hene (Acp); fluorene (Flu); phenanthrene (PA); anthracene (Ant);
uoranthene (FL); pyrene (Pyr); benzo(a)anthracene (BaA); chry-
ene (CHR); benzo(b)fluoranthene (BbF); benzo(k)fluoranthene
BkF); benzo(a)pyrene (BaP); dibenzo(a,h)anthracene (DBA);
enzo(g,h,i)perylene (BghiP); and indeno(1,2,3-cd)pyrene (IND).

The PAHs in road dust were identified by comparing their
etention times with those of standard solutions. The linearity for
uantification analysis of each PAH was identified by using the peak
reas of six concentration levels (5 ppm, 10 ppm, 20 ppm, 40 ppm,
00 ppm, and 200 ppm) of standard PAHs. The relative standard
eviations (RSD%) and linear regression coefficients (R2) of the 16
nalyzed PAHs were reported in the sister’s paper of this study [26].
he RSD% of nearly all PAHs, with the exception of Nap, PA, Ant, and
HR, were below 4.7%. Most PAHs had a R2 of nearly 1.0 (greater
han 0.996) with exception of Ant having R2 of 0.962. However, the
nt identified in our road dust samples showed a concentration
ange of 0–20 ppm, and its linearity having R2 value of 0.994 was
lmost similar to those for most of the PAHs.

QA/QC procedures for analysis of PAHs were referred by the

ethods reported by Bi et al. [26]. The PAHs were not detected

n the solvent blanks used for extraction of the PAHs in the road
ust samples. A surrogate spike mix of deuterated standard PAHs,
igma 4-8935, including naphthalene-d8, acenaphthalene-d10,
henanthrene-d10, chrysene-d12 and perylene-d12, was added to
Benzo(g,h,i)perylene (BghiP) 6
Ideno(1,2,3-cd)pyrene (IND) 6

the extracts before the HPLC analysis in order to check the recovery
rates [27]. Surrogate compounds were consistent with the analysis
as follows: naphthalene-d8 for Nap; acenaphthalene-d10 for AcPy,
Acp and Flu; phenanthrene-d10 for PA, Ant, FL and Pyr; chrysene-
d12 for BaA and CHR; perylene-d12 for BbF, BkF, BaP, DBA, BghiP
and IND. The recovery rates of the deuterated PAHs (surrogate com-
pounds) ranged from 75% to 112%. These recovery rates were then
used to correct the concentrations of the PAHs in the road dust sam-
ples. However, this study did not identify the extraction efficiencies
of the PAHs from the road dust samples. This study just assumed
that most of the PAHs included in the road dust were completely
extracted in the extraction solvent. Thus some errors concerned
concentration evaluation of the PAHs, particularly Nap having rel-
atively high vapor phase at room temperature, in road dust may be
involved.

2.4. Toxicity evaluation method

Some PAHs, such as Nap, BaA, BbF, BkF, BaP, and DBA, have
been known to be mutagenic and/or carcinogenic compounds
[29]. The toxicities of the PAHs identified in the road dust sam-
ples were evaluated using a relative toxicity value of each PAH
compound. The PAH toxicities of the road dust samples were cal-
culated based on the set of toxicity equivalency factors (TEFs) of
PAHs proposed by Nisbet and LaGoy [30]. BaP considered as the
most toxic PAH was utilized as the reference chemical by sev-
eral authors [29–32] and was assigned a value of 1 in the TEF
system. Other PAHs have their own TEF values based on their
carcinogenic level in comparison to that of BaP as reported in
the previous papers [28,30]. The toxic equivalent concentration
(TEQ) of each road dust sample was obtained by summing the
products of each individual PAH concentration and its TEF, as
follows:

TEQ =
∑

(Ci × TEFi)

where, TEQ is the toxic equivalent concentration, Ci is the concen-
tration of PAH I, and TEFi is toxicity equivalency factor of PAH i.

3. Results and discussion

3.1. PAH concentration distribution

The individual and overall concentrations of each PAH in the
road dust of Ulsan are presented in Table 3. The individual con-
centrations were obtained by summing the products of the PAH
concentrations identified for each particle size and its weight frac-
tion. The overall concentrations of PAHs shown in Table 3 represent
the sum of the individual concentrations for 16 PAHs. The over-
all PAH concentration of road dust ranged from 19.69 �g/g to

154.64 �g/g. The greatest PAH concentration was obtained at a
rotary, which had the highest traffic density of the roads studied,
while the lowest concentration was identified in a typical urban
residential area. Nap, BaA, CHR and BbF were not detected in most
of the samples. BkF had the highest concentration in comparison to
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Table 3
Individual and overall concentrations of each PAH in road dust (unit: �g/g).

Site 1 2 3 4 5 6 7 8 9 10 11

Nap ND ND ND ND ND ND 0.06 ND 0.03 ND ND
AcPy ND 0.08 ND 1.49 0.09 ND 0.28 ND ND ND ND
Acp 0.42 ND 3.14 2.36 0.40 0.18 2.51 1.32 1.73 ND 0.48
Flu 0.16 0.08 0.76 0.98 0.34 0.19 0.54 0.37 0.19 0.06 0.23
PA 0.23 1.85 0.53 0.76 1.64 0.10 0.66 1.47 0.13 0.11 0.28
Ant 0.17 0.43 0.45 0.35 0.24 0.06 0.50 0.16 0.14 0.06 0.16
FL 5.06 5.20 20.69 4.51 6.91 2.56 7.07 5.67 5.03 11.11 7.14
Pyr 10.37 6.55 18.27 10.02 1.89 2.12 8.38 7.77 15.65 11.63 9.36
BaA ND 0.30 ND ND ND ND ND ND ND ND ND
CHR ND ND ND ND ND ND ND ND ND ND ND
BbF ND ND ND ND ND ND ND ND ND ND ND
BkF 19.79 6.76 36.51 22.24 11.49 10.07 14.44 12.72 14.90 21.04 19.67
BaP 1.91 2.68 19.23 9.36 3.31 2.42 4.97 5.56 5.76 7.92 6.32
DBA 10.32 4.73 21.85 1.74 11.93 0.87 2.95 7.11 1.37 9.80 3.60
BghiP 6.78 10.62 15.06 13.34 15.52 0.46 2.76 26.56 4.58 8.88 3.47
IND 7.77 1.15 18.15 ND ND 0.67 3.71 ND ND 2.74 1.76
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Overall 62.98 40.44 154.64 67.15 53.76

D: not detected. 1: Concrete highway; 2: asphalt highway (or high-speed road);
rban residential area; 7: new developed residential area; 8: nearby-industry reside

ther PAHs, except in the sample from site 9. The concentration of
aP, used as an indicator of reference toxicity, in road dust ranged

rom 1.91 �g/g to 19.23 �g/g. The highest and lowest BaP values
ere obtained at the rotary (having the highest traffic density) and

he concrete highway, respectively. The following sections were
nalyzed in terms of concentration, size distribution and molec-
lar distribution of PAHs identified from road dust with different
oad characteristics. Sixteen PAHs were classified into five groups
ased on the number of aromatic rings in the PAH compounds as
ollows. The 2-ring group included Nap, the 3-ring groups included
cPy, Acp, Flu, PA and Ant, the 4-ring group was made up of FL,
yr, BaA and CHR, the 5-ring group included BbF, BkF, BaP and DBA,
nd the 6-ring groups was composed of BghiP and IND. As shown in
able 2, the 16 PAHs can be also classified into three groups depend-
ng upon their molecular weight (MW) such as low MW PAHs (with
- or 3-ring), medium MW PAHs (with 4-ring) and high MW PAHs
with 5- or 6-ring).

.1.1. Effect of pavement type
Fig. 2a–c compares the PAH characteristics in road dust obtained

rom a concrete highway and an asphalt highway with the same
raffic volumes and vehicle speeds.

The size distribution pattern of the total PAH concentration from
he concrete highway was quite different from that of the asphalt
ighway (Fig. 2a). Smaller size of road dust, which has more surface
rea available for PAH exposure, usually shows higher concentra-
ion of PAHs than lager one. However, in the asphalt highway road
ust, the PAH concentration in the 850–2000 �m-sized particles
as higher than in those with a size of 180–850 �m. The reason

ehind this phenomenon may be due to the existence of asphalt
articles or debris in the size category of 850–2000 �m. This phe-
omenon also occurred in other roads with new asphalt pavement
see Section 3.2). For the concrete highway, the road dust with a
ize of 180–850 �m showed a greatly elevated PAH concentration
n comparison to other types of road dust. This may be due to the
igh weight fraction of tire particles in this size category. Tire par-
icles may more commonly occur due to the high level of abrasion
aused by the roughness of concrete pavement. The PAH concen-
rations for each particle size category in the road dust from the

sphalt highway were much higher than those from the concrete
ighway, except in the size of 180–850 �m. Even though the road
ust from the asphalt highway had a much higher PAH concentra-
ions within three particle size groups (850–2000 �m, 75–180 �m,
nd less than 75 �m), its overall PAH concentration was lower. The
19.69 48.83 68.73 49.50 73.35 52.45

ary 1 at highway end; 4: rotary 2 at downtown; 5: rotary 3 at riverside; 6: typical
area; 9: low-diesel road; 10: high-diesel road, medium-speed; 11: low-speed road.

PAH concentration for a dominant particle group of road dust can
greatly affect the overall PAH concentration. The dominant particle
weight group was in the size range of 180–850 �m for road dust,
making up their weight fractions of 52.2% and 77.3% to the weight
of the road dusts obtained from the concrete and the asphalt high-
ways, respectively. The PAH concentration for the dominant size
group of the asphalt highway road dust was much lower, result-
ing in overall lower concentrations of PAHs in comparison to those
from a concrete highway.

The overall PAH concentration from the concrete highway
(63.0 �g/g) was 1.5 times higher (42.4 �g/g) than that of the asphalt
highway (Fig. 2b). This fact infers that a concrete highway is more
abrasive upon tires causing them to break down and release small
particles, resulting in an increased PAH concentration in compari-
son to an asphalt highway.

Naphthalene was not detected in either type of highway road
dust. This fact might be referred to methodology where naphtha-
lene has low molecular weight (2-ring) and evaporated at low
temperature during sampling, drying and extraction processes.
Also, this study did not analyze the vapor phase of Nap and thus
it could result in lowering Nap concentration or not being detected
Nap. The major PAHs that formed in both highway road dusts
were 5-ring PAHs which occupied 50.8% and 35.1% of the overall
PAH concentration in the concrete and asphalt highways, respec-
tively (Fig. 2c). The concentration fraction of 3-ring PAHs, such as
Flu, PA and Ant, in the road dust from the asphalt highway was
6.0%, which was higher than the 1.6% from the concrete highway.
Recently, Boonyatumanond et al. [4] reported that the PA and Ant
fractions, with respect to the PAH concentration of asphalt sam-
ples, were 12.7% and 2.1%, respectively. The PA and Ant fractions
in the asphalt sample were higher, with fractions of 8.0% and 1.2%,
respectively, from those of normal street dust. Thus, the reason
for the higher fraction of 3-ring PAHs in the road dust from the
asphalt highway than that of the concrete highway is due to the
higher concentration of PA and Ant within the asphalt compo-
nents.

3.1.2. Effect of traffic volume and fuel
Fig. 3a–c shows the overall distribution for PAH concentration,
the PAH concentration for different particle sizes, and the molecular
distribution of PAHs, respectively, for road dust occurring in heavy
traffic rotary areas and residential areas.

In a comparison of total PAH concentration for different particle
sizes of road dust, the highest concentration was obtained for the
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Fig. 2. Concentrations of PAHs in ro

mallest size (i.e., less than 75 �m) followed by the size group of
5–180 �m (Fig. 3a). The total PAH concentration increased when
he particle size decreased. This trend was due to the relatively
igher areas of exposure for the smaller sized particles for the case
f road dust from concrete and asphalt roads. However, for the case
f road dust at residential site 3, the total PAH concentration for the
oarse particles (850–2000 �m) was higher than that of the smaller
ized particles (180–850 �m). This phenomenon may be due to the
oarse asphalt particles derived from the new asphalt pavement of
he road, as discussed in the previous section (Fig. 2a). The molec-
lar distribution patterns among heavy traffic rotary areas were
imilar (Fig. 3). This fact illustrates that there is a similarity of PAH
mission sources within the traffic rotary areas. However, the dis-

ribution patterns of PAHs among residential areas having different
urroundings significantly varied.

The overall average of PAH concentrations in heavy traffic
otary areas was two times higher than that of urban residential
reas (Fig. 3b). The overall average of PAH concentrations in high
st from concrete and asphalt roads.

traffic rotary and residential areas of Ulsan were 91.85 �g/g and
45.75 �g/g, respectively, which were much higher than the val-
ues reported in Taichung, Taiwan and Shanghai, China. Fang et al.
[11] reported that the PAH concentration for roadside dust was
65.8 �g/g and 16.1 �g/g for traffic roads and background areas,
respectively. The PAH values for road dust measured at traffic and
residential areas in Shanghai, China were 18.8 �g/g and 12.4 �g/g,
respectively [14]. It was a little difficult to get real urban back-
ground samples of road dust in Ulsan. This study assumed the
road dust, which was collected from a residential area located in
a suburban-rural area, could be a role as a background. The back-
ground road was located in a remote area from industrial areas and
did not have much road traffic. The identified PAH concentration of

the background road dust was 19.49 �g/g. This represents that traf-
fic activities in Ulsan greatly increased the concentrations of PAHs
in the road dusts.

The traffic volume in the rotary areas in Ulsan was much higher
than those in the referred study areas. Thus, the high concentrations
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dentified in this study suggest that the traffic volume or vehicle
peration in Ulsan has great effects upon the PAH concentration in

he road dust. This fact is consistent with the results of other studies
3,11,14].

In comparison of the molecular distribution of PAHs as shown in
ig. 4, the high-diesel road, with diesel vehicle passing of 33.1%, had
igher ratios of PAHs with 3- and 4-rings, 4.4% and 41.8%, respec-
ust in rotary and residential areas.

tively. However, their concentration fractions of 3- and 4-rings of
PAH in the low-diesel road, with diesel vehicle passing of 18.2%,

showed 0.8% and 31.0%, respectively. These results were consistent
with previously reported results [33,34]. On the contrary, because
of its higher fraction of gasoline vehicles in comparison to the high-
diesel road, the low-diesel road had higher ratios of the PAHs with
5- and 6-membered rings, which are emitted with more abundance
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Fig. 4. Molecular distribution of PAH concentrations in road dust from roads with a different fraction of diesel vehicles.

Fig. 5. Concentrations of PAHs in road dust from roads with different vehicle speeds.
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LaGoy [30] was used to identify the toxicity of the PAHs identi-
ig. 6. Correlation between vehicle speed and relative fraction of PAHs with 5- and
-membered rings.

rom gasoline engines rather than from diesel ones [12,35]. The
ifferences in traffic patterns highly affected the molecular distri-
utions of PAHs, but did not significantly influence the overall PAH
oncentrations.

.1.3. Effect of vehicle speed
Vehicle speed was also considered to be an affecting factor in

he concentrations of air pollutants due to traffic exhaust. The total
oncentrations and molecular distributions of PAHs in road dust
rom roads having different vehicle speeds (low: 75 km/h, medium:
5 km/h, or high: 110 km/h) are shown in Fig. 5a–c.

The size characteristics of PAH concentrations in the road dust
ith different vehicle speeds have a similar pattern, as shown in

ig. 5a. The finest size of road dust particles also had the highest
oncentration of the total PAHs followed by the size of 75–180 �m.
he higher PAH concentration in the particles of size 850–2000 �m
n comparison to the size of 180–850 �m were due to the effects of
ew asphalt pavement. The ratios of the total PAH concentration

or the particles of 850–2000 �m to those of 180–850 �m were 1.4,
.1, and 6.0 in low, medium, and high-speed roads, respectively.
he concentration ratio increased with increasing vehicle speed.
he higher vehicle speed causes more friction, which is the main
eason for road pavement abrasion.

The measured overall PAH concentration for medium-speed
oads was the highest, followed by that of the low-speed road
Fig. 5b). In order to compare the true effect of vehicle speed on the
AH concentration within road dust, the difference in traffic volume
mong the roads with different speeds needed to be considered. The
ormalized overall PAH concentration, obtained by considering the
raffic volume for each road speed, should be used for this com-
arison purpose. The low-speed road had the higher normalized
oncentration of PAHs in comparison to the medium-speed road.
here were more emissions from vehicles per unit length of road
n the low-speed road than in those on the medium-speed road.
n order to pass through the same length of road on the low-speed
oad, vehicles might have spent a relatively increased amount of
uel and, therefore, would have emitted relatively more pollutants.

Fig. 5c shows the molecular distribution of the PAHs in road
ust affected by different vehicle speeds. The fractions of the PAHs
ith 4-ring compounds were not much changed with vehicle speed

f the roads. The correlation between vehicle speed and the rel-

tive concentration fractions of the total PAH concentration of
he PAHs with 5- and 6-membered rings showed the opposite
rend (Fig. 6). The concentration fractions of the PAHs with a 5-

embered ring were inversely proportional to vehicle speed with
us Materials 175 (2010) 540–550 547

a high coefficient of determination (r2 = 0.985 with p < 0.01). How-
ever, the concentration fractions of the PAHs with a 6-membered
ring proportionally increased, with vehicle speed having a very high
correlation (r2 = 1.000 with p < 0.01). The influence of traffic com-
position for each road speed on its molecular distribution of the
PAHs was negligible because these roads had similar fractions of
gasoline and diesel vehicles (76.6% and 81.2% of gasoline vehicles
for the low and medium-speed roads, respectively).

3.1.4. Effect of surrounding area
There are many national scale industrial sites in Ulsan and, thus,

the industrial emissions have a substantial affect on PAHs in road
dust. A comparison of PAH concentration in the road dusts obtained
from two kinds of residential areas, a typical urban residential area
and a residential area near the industrial complex, are shown in
Fig. 7a–c.

In comparison to the total PAH concentrations in different par-
ticle sizes, it is recognized that the finer particle sizes (i.e., less than
75 �m and 75–180 �m) were more affected by industrial activities
than were the coarser particles (Fig. 7a). One more reason for the
large increase in PAH concentration for smaller road dust particles
near the industrial site area in comparison to the typical residential
area would be its higher fraction of diesel vehicles, which produce
more fine particles than do the gasoline vehicles. The gasoline and
diesel vehicles fractions were 78.5% and 22.5% for the typical urban
residential area, while 63.7% and 36.3% in the residential area near
industrial sites, respectively.

Both measured and normalized overall PAH concentrations in
road dust for the residential area near the industrial sites were
much higher than those in the typical residential areas (Fig. 7b).
This suggests that there is strong influence from industrial emis-
sions on the PAH concentration found in road dust near industrial
sites.

In the distribution studies of the aromatic ring number of the
PAHs identified from engine emissions of vehicles [12,35], the
emissions from gasoline engines included more PAHs with higher
molecular weights, such as 5- and 6-membered ring PAHs, in com-
parison to diesel engine emissions. Thus, the greatly increased
fraction of PAHs with a 5-membered ring in the typical urban resi-
dential area is due to an increase in emissions by a higher fraction
of gasoline-powered vehicles in comparison to the residential area
near the industrial site.

3.1.5. Traffic sources contribution to the PAH ratio∑
COMB is a sum of FL, Pyr, BaA, CHR, BkF, BaP, BghiP, and

IND concentrations, and it represents the typical combustion ori-
gin for PAH [36,37]. As the ratio of

∑
COMB/

∑
PAH increases,

the fraction of the combustion origin PAHs increases. The ratio of∑
COMB/

∑
PAH in road dust of Ulsan ranged from 0.73 to 0.93 with

an average of 0.85, which represent higher fractions of the combus-
tion origin PAHs. Fig. 8 shows bivariate plots of (a) PA/Ant versus
FL/Pyr and (b)

∑
COMB/

∑
PAH versus FL/Pyr in road dust from

Ulsan. The obtained values in the bivariate plots matched closely
with the values identified from traffic areas recently reported by
Wang et al. [37], except for two points and one point in Fig. 8a
and b, respectively. This fact demonstrates that the road dust was
greatly affected by traffic emissions.

3.2. Toxicity of PAHs in road dust

The toxic equivalency factors system proposed by Nisbet and
fied in road dust from the study sites. The highest toxicity value
of PAHs in road dust was obtained at a dense traffic rotary which
also had the highest overall PAH concentration. There was a high
correlation between the overall concentrations and the TEQs of
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Fig. 7. Concentrations of PAHs in ro

he PAHs within the road dust. The very high coefficient of deter-
ination (r2 = 0.955 with p < 0.01) between them indicates that a

igher total PAH concentration in road dust results in higher toxi-
ity.

Even though the TEQs of the PAHs in road dust were propor-
ional to the overall PAH concentrations, their correlations among
ifferent road dust particle sizes were different. The coefficient of
etermination between the total concentrations and the TEQs of
he PAHs in the road dust size of 180–850 �m was an extremely
igh value, r2 = 0.998 with p < 0.01. Their correlation in the road dust

ith a size of less than 75 �m was the lowest one (r2 = 0.514 with
< 0.01) among the four size groups. A recent study that focused on

he characteristics of PAHs found in road dust from industrial and
rban areas in a typical industrial city determined that the coeffi-
ient of determination (r2 = 0.98) between the TEQs and the total
st from different residential areas.

concentration of the PAHs in the road dust from the urban areas was
much higher than that (r2 = 0.75) of the industrial areas [28]. This
difference in the degree of correlation was due to the complicated
contribution from industrial and traffic emissions in road dust in
industrial areas. The road dust from the residential area near the
industrial site showed a substantial increase in the concentrations
of PAHs in finer road dust than in coarser road dust, as discussed in
the previous section. The finer road dust is substantially influenced
by both traffic and industrial emissions that have different concen-
tration profiles and toxicities of PAHs, in comparison to the coarse

road dust, which has been greatly affected by suspended partic-
ulates released from fast moving vehicles [20]. Thus, a relatively
lower correlation between the overall concentrations and the TEQ
of the PAHs in finer road dusts represents a large contribution from
industrial emissions.
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. Conclusions

The concentration of PAHs in road dust was greatly affected by
oad characteristics, such as pavement types, traffic volume, vehicle
ypes, vehicle speed, and surrounding areas. This study reached the
ollowing conclusions:

. Asphalt roads have a higher total PAH concentration for each par-
ticle size (except the size of 180–850 �m) in comparison to those
of concrete roads. However, we found in one case that the overall
PAH concentration in the road dust from one asphalt road was
lower than that from a concrete road. This is because the overall
PAH concentration is determined by the dominant particle size,
in terms of weight, which was the size of 180–850 �m in both
road types.

. The traffic volume greatly affected the PAH concentration in road
dust while the vehicle type strongly influenced the PAH molecu-
lar distribution. The road dust on roads with lower vehicle speeds
showed higher concentrations of PAH than those particles col-
lected from high-speed roads. However, higher vehicle speed
caused greater pavement abrasion, resulting in increased con-
centrations of the PAHs, particularly for larger road dust particle
sizes.

. The concentrations of the PAHs in road dust from a residential
area near an industrial site were much higher than those in a
typical residential area.

. The total PAH concentration for different particle sizes increased
when the particle sizes decreased. This is because a group of
smaller particles has a higher total available surface area for
PAHs exposure. The coarsest particles, 850–2000 �m, resulting

from abrasion of new asphalt pavement, had a higher total PAH
concentration than those of size 180–850 �m.

. The molecular distribution of PAHs varied greatly among differ-
ent sites based on their traffic composition patterns and other
local emissions.

[

[
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The toxicities of PAHs in road dust have a strong linear relation-
ship with the total PAH concentration (r2 = 0.955). However, the
correlation usually decreased with decreasing road dust particle
size.
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