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ABSTRACT 
This study aimed to estimate the origins of polycyclic aromatic hydrocarbons (PAHs) in size-fractionated road dust in 
Tokyo. First of all, seven categories of PAHs sources were defined: diesel vehicle exhaust, gasoline vehicle exhaust, tire, 
pavement, asphalt or bitumen, petroleum products excluding tire and asphalt, and combustion products except for those in 
vehicle engines. The 189 source data of 12-PAHs profiles were classified into 11 groups (from S1 to S11) based on cluster 
analysis combined with principal component analysis . Next, 18 road dust samples were collected from eight streets in 
Tokyo and fractionated into four different particle -size-fractions: 0.1-45, 45-106, 106-250, and 250-2,000µm. In order to 
estimate the contributions of the classified source groups (S1-S11) to PAHs in the road dust, multiple regression analysis 
was performed with 12-PAH profile of the road dust as dependent variable and average 12-PAHs profiles of the 11 source 
groups as 11 explanatory variables. According to the results, diesel vehicle exhaust, tire and pavement were the major 
contributors of PAHs in the fractionated road dust. Although the estimated contributions of the 11 source groups varied 
among the particle-size-fractions, there was no clear and consistent relationship between particle size and the major PAH 
contributor. 
 
KEYWORDS : pavement, polycyclic aromatic hydrocarbons, road dust, size-fractionated sample, tire, vehicle 
exhaust 
 
INTRODUCTION 
Polycyclic aromatic hydrocarbons (PAHs) , many of which are genotoxic that may cause mutations (Mirisola et al., 2001) 
and certain types of cancer (Baumann, 1998; Collins et al., 1998), have been detected widely in water environment. 
Effective control strategies for controlling PAHs release are required in order to assure the safety of humans and 
ecosystems. 
 
Road dust has been recognized to bring a large amount of PAHs into water environment via road runoff (Brown et al., 
1985; Maltby et al., 1995; Boxall and Maltby, 1995) , but only few attempts have been done to quantitatively assess the 
comparative contribution of various PAHs sources to road dust. The possible PAHs sources in road dust are diesel vehicle 
exhaust, gasoline vehicle exhaust, tire, pavement (asphalt or bitumen), oil spill and so on. Based on the enrichment factor, 
Takada et al.(1990) indicated vehicle exhaust as a main PAHs contributor to the road dust collected from roads with heavy 
traffic while atmospheric fallout was more significant in residential area in Tokyo. Zakaria et al.(2002) suggested the used 
crankcase oil as a ma jor PAHs contributor to road dust in Malaysia.  
 
The objective of this study is to assign the comparative contribution of possible source to PAHs in fractionated road dust 
sample with a statistical approach. One hundred eighty nine PAHs data of possible sources were obtained from literature 
and from our experiment. Principal component analysis and cluster analysis  were applied to classification of PAHs profiles 
of possible sources and multiple regression analysis  were conducted to estimate the contribution of the classified sources 
to the PAHs in road dust collected in Tokyo. 
 
METHODS 
Classification of PAHs profile of possible sources 
Source data 

One hundred eighty nine PAHs data of possible sources were obtained from literature and from our experiment (see next 
section). The obtained data were categorized into seven possible sources  in Table 1: diesel vehicle exhaust [D], gasoline vehicle 
exhaust [G], tire [T], asphalt-pavement [P], asphalt or bitumen [A], petroleum products excluding tire and asphalt [O], and 
combustion products except for those in vehicle engines  [E].  

 
Sampling and PAHs analysis 
Two samples of diesel exhaust and four samples of gasoline exhaust were collected at 1cm apart from an exhaust pipe of 
an idling automobile operated in acceleration/deceleration cycles (1,000 rpm ~ 5,000 rpm ~ 1,000 rpm ). The sampling 
equipment consisted of a glass fiber filter (Millipore, AP20) and an air pump (SKC, AirChek HV30). Eight tire samples 
were obtained by cutting used tires produced by five different tire companies. Eight asphalt-pavement samples were 
collected from four street reconstruction sites in Tokyo and were homogenized by grinding. Eight samples of asphalt were 
derived from four Japanese companies. All samples except those of asphalt were dried for 24 hours in a desiccator before 
PAHs extraction. 



Diffuse Pollution Conference Dublin 2003                                                                                             4C  SUDS 

 4-49 

 
 

Table1 Number of collected data as possible PAHs sources  
number of PAHs data  

Source Category 
this study literature * 

diesel vehicle exhaust [D] 2 77 
gasoline vehicle exhaust [G] 4 49 
tire [T] 8 - 
asphalt-pavement [P] 8 - 
asphalt or bitumen  [A] 8 3 
petroleum products excluding tire 
and asphalt  

[O] - 10 

combustion products except for 
those in vehicle engines  

[E] - 20 

Total  30 159 
* refered literature was listed at the end of this paper 

 
The analytical procedure for PAHs was adapted from EPA method 3550 (EPA.,1996) and method TO-13A (EPA.,1999). 
Firstly, samples were spiked with surrogates (Semivolatile internal standard mix, Sigma 4-8902) and were thawed at room 
temperature for half a day before extracted with 50 mL dichloromethane in ultrasonic bath (output 100 W, duty cycle 50 
%, 30 minutes). The extracts were concentrated to 1 mL in an evaporator at 40 °C and –70.6 kPa. After adding internal 
standard (Semivolatile base/neutrals surrogate spike mix, Sigma 4-8935), the concentrated extracts were then analyzed for 
PAHs by GC/MS (Hewlett Packard HP6890, MS5973) with HP5-TA column (30 m × 0.25 µm id) using selected ion 
monitoring (SIM) mode. In this system, helium gas was used as the carrier gas with the flow rate of 1 mL/min. The oven 
temperature program started at 50°C with 3 minutes hold, and covered a range from 50°C to 250°C at 20°C/min. The 
temperature was then held for 12 minutes before heated to 300°C at 22°C/min and held on finally for 4 minutes. 
 
Classification of PAHs profiles  
Data analysis of this study are mainly based on the content of the following 12 individual PAHs: phenanthrene (Ph), 
anthracene (An), fluoranthene (Fr), pyrene (Py), benzo(a)anthracene (Ba), chrysene (Ch), benzo(k)fluoranthene 
+benzo(b)fluoranthene (Bf), benzo(a)pyrene (Bpy), indeno(1,2,3-cd)pyrene (In), dibenz(a,h)anthracene (Db) and 
benzo(ghi)perylene (Bpe). The ratios of the 12 PAHs concentration to the sum of those were calculated and the 
composition was defined as PAHs profile in this study.  
 
Since PAHs profile in the possible sources varied even in same category, a simple averaged profile could not represent the 
source category. Then, it was necessary to conduct a different classification in terms of PAHs profile similarity. In this 
study, principal component analysis (Varimax rotated) followed by cluster analysis (Ward method) was applied to classify 
the 189 profiles. Through the principal component analysis, the PAHs profiles were transformed into factor scores. Based 
on the factor scores, the 189 source data were then classified by cluster analysis . Because the clusters will be explanatory 
variables of the following source analysis for PAHs in road dust, the cluster should be ideally independent to each other. 
To reduce the dependency among the clusters, similar clusters were merged under the criteria: two clusters  should be 
merged when the determination coefficient was greater than 0.70 for explaining the PAHs profiles in one cluster by 
average PAHs profile in the other cluster. 
 
Estimation of source contribution to PAHs in size-fractionated road dust 
Sampling, size fractionation and PAHs analysis 
Eighteen road dust samples were collected at the gutters of eight streets in Tokyo: Sakurada, Kannana, Keiyo, 
Aratamagawasuido, Kanpachi, Showa, Oume and Kiyosumi. Considering the road runoff proces s, the sampling was done 
in wet condition with a carpet vacuum cleaner (Puzzi100, Kärcher) operated with 1.6 L/min of water spray (Milli-Q 
water). Road dust accumulating on 2.3 m length of the gutter was gathered as one sample. The recovered liquid was 
filtered through four stainless-steel mesh (2,000, 250, 106 and 45µm) and a membrane filter (pore size 0.1 µm; Omnipore, 
Millipore). The fractionated road dust (0.1-45µm, 45-106µm, 106-250µm and 250-2,000µm) was applied PAHs analysis in 
the same way with source. 
 
Estimation of source contribution to PAHs in road dust 
Multiple regression analysis was performed in order to estimate the contributions of possible sources to PAHs in 72 road 
dust samples (18 roads X 4 fractions). The PAH profile of each size-fractionated road dust sample was used as dependent 
variable and the average PAH profiles of the classified source groups were applied as explanatory variables. To find out 
the major PAHs contributor, a variable forward selection method was applied. A regression model explaining with the least 
numbers of independent variables at the determination coefficient of greater than 0.80 was adopted for result 
interpretation. The ratio of each regression coefficient to the sum of them was defined as a comparative contribution (%) of 
each source group to road dust. For further discussion, comparative source contributions for non-fractionated samples were 
also calculated. 
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RESULTS AND DISCUSSIONS 
Classification of PAHs profiles in possible sources 
The 189 PAHs profiles of possible sources were classified into 11 groups (S1- S11) (Table 2). It was found that S4 and S5 
consisted of the profile data only from [G], and that S8 and S9 were composed of only [E], while the other seven groups 
included several categories of sources. However, it could be interpreted that the 12-PAH profiles of samples in S1 
indicated [T], that those of S2 and S3 implied [D] and that those of S7 represented [P] and [A]. S6 and S10 were minor 
groups having only three data each. S11 included a large numbers source data in various categories and was difficult to be 
translated. 
 

Table2 Classification of PAHs  profiles in 189 source data 
 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 

Average PAHs profiles 
phenanthrene (Ph) 6 26 7 3 4 31 16 17 11 1 48 
anthracene (An) 1 4 43 27 7 8 3 2 3 2 15 
fluoranthene (Fr) 13 22 9 15 3 1 6 6 51 0 8 
pyrene (Py) 43 31 8 13 14 2 11 19 6 0 10 
benzo(a)anthracene (Ba) 0 4 3 26 11 7 5 2 4 1 5 
chrysene  (Ch) 3 4 3 1 10 10 12 2 4 1 2 
benzo(k)fluoranthene  
+ benzo(b)fluoranthene (Bf) 3 2 8 4 28 27 15 10 7 6 3 

benzo(a)pyrene (Bpy) 4 2 4 3 0 0 8 31 5 11 3 
indeno(1,2,3-cd)pyrene (In) 6 2 7 2 1 2 6 1 3 23 1 
dibenz(a,h)anthracene (Db) 1 1 4 4 21 7 3 8 0 46 2 
benzo(ghi)perylene  (Bpe) 19 2 4 2 1 5 15 1 5 9 2 

Total % 100 100 100 100 100 100 100 100 100 100 100 
Sample number belonging to each group 

diesel vehicle exhaust  [D] 1 49 5 - - 2 2 - - - 20 
gasoline vehicle exhaust  [G] - 8 2 10 8 1 2 - - 1 21 
tire  [T] 8 - - - - - - - - - - 
asphalt-pavement  [P] - 2 - - - - 6 - - - - 
asphalt or bitumen  [A] - - - - - - 9 - - - 2 
petroleum products excluding tire 
and asphalt  [O] - 1 - - - - - - - 2 7 

combustion products except for 
those in vehicle engines  [E] - 1 1 - - - - 7 5 - 6 

Total number of sample 9 61 8 10 8 3 19 7 5 3 56 
*shaded cells  are characteristic PAHs species/source categories in each group 

 
Source contributions to PAHs in road dust 
The estimated source contributions to PAHs in size-fractionated road dust were shown in Figure 1. Total vehicle volumes 
per day (VV) and ratios of passenger car volume to freight car volume (P/F) for each street (Ministry of land, 
infrastructure and transport Japan, 1999) were mentioned at the bottom of the figure. The result indicated that the 
predominant PAHs contributor to road dust varied with time, with particle size or with sampling location in the same road, 
except for the samples collected at the avenues Aratamagawasuido and Kanpachi. In the case of of Keiyo avenue, for 
example, PAHs in 010919 i and 010919 ii samples (meaning 2 different samples to be collected in 19 September, 2001) 
derived from diesel exaust (S2) and pavement (S7) while the 011004 samples collected two weeks later were significantly 
influenced by tire debris (S1).  It is interesting that different particle size fractions has different major PAHs contributors, 
for example in Sakurada avenue samples, S2 (diesel exaust) contributed to all the size fractions, S7 (pavement) appeared in 
the finest and 106-250 µm fractions and S1 (tire) showed a significant contribution in 45-106µm fraction. This result 
suggested the importance of estimating PAHs source contribution to each particle size separately. Coupled with the 
percentage of total PAHs in each road dust fraction, the comprehension of major PAHs source in each particle size can 
provide an effective option for control strategies of PAHs in road runoff. 

 
Comparative source contributions for whole (non-fractionated) road dust were also calculated, based on the particle size 
distribution of road dust and the source contribution to each fraction (Figure 2). For PAHs in the road dust of Kannana and 
Kiyosumi avenues, more than 50% was assigned to diesel vehicle  
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VV                             34,718                         146,905                          75,060                           4,931                                   76,928                            24,523                            61,054                        44,920 
 
P/F                              1/4.9                              1/2.3                              1/1.9                             1/1.9                                    1/1.61                             1/1.73                             1/1.70                         1/1.73 

 
 

: S1,   : S2,   :      S3,   :
S4,

 S4   : S5,   : S7,   : S9,   S11
 

Figure 1 Source contribution to PAHs in size-fractionated road dust
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exhaust and tire wear as major sources. While in case of the avenues of Sakurada, Aratamagawasuido, Oume and Showa, 
greater than 55% of PAHs in road dust was apportioned to diesel vehicle exhaust and asphalt-pavement debris as main  
contributors. This result supported the hypothesis that tire and pavement were worn away into particles during vehicle 
traveling, especially in case of diesel engine vehicles such as heavy-duty trucks . Overall, despite of the difference in 
vehicle volume or the ratio of passenger car to freight car, it can be said that PAHs in road dust samples originated from 
any of 3 sources: diesel vehicle exhaust, tire and asphalt-pavement. 
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Figure 2 Comparative source contribution to PAHs, calculated from particle size distribution of road dust and the result of 

Figure 1 (Legend is same with Figure 1) 
 

This study proposed one approach using PAHs profile data for source distribution assessment. Similar approach can be 
applied for relevant further studies, such as the evaluation of road dust contribution to water environment or the source 
asses sment of other pollutants in road dust. However, these results call for further investigation. The variation of source 
type in each classified source group leads to the necessity of involving other significant substances in the contribution 
evaluation. Moreover, since numbers of PAHs profiles for source classification used in this study were taken from various 
journal papers and reports adopting a variety of sampling and analytical methods, the inclusion of some errors in the result 
remains as a matter to be discussed further.  

 
CONCLUSIONS 
This study aimed to estimate the origins of polycyclic aromatic hydrocarbons (PAHs) in size-fractionated road dust in 
Tokyo. The 189 possible source data of 12-PAHs profiles were classified into 11 groups (from S1 to S11) based on cluster 
analysis combined with principal component analysis . In order to estimate the contributions of the classified source groups 
(S1-S11) to PAHs in the road dust, multiple regression analysis was performed. 
The result demonstrated that abrasion of tire and asphalt-pavement provided a certain amount of PAHs to road dust, in addition to 
diesel vehicle exhaust, which has been recognized as the main source of PAHs in road dust. This information will be useful for 
establishing the control strategies of PAHs in road runoff. 
 
REFERENCES 
Baumann P.C. (1998) Epizootics of cancer in fish associated with genotoxins in sediment and water. Mutation 

Research/Reviews in Mutation Research, 411, 227-233. 
Boxall A.B.A. and Maltby L. (1995) The characterization and toxicity of sediment contaminated with road runoff. Wat. 

Res., 29, 2043-2050. 
Brown R.C., Pierce and Rice S.A. (1985) Hydrocarbon contamination in sediments from urban stormwater runoff. Mar. 

Pollut. Bull.,  16, 236-240. 
Collins J.F., Brown J.P., Alexeeff G.V. and Salmon A.G. (1998) Potency equivalency factors for some polycyclic aromatic 

hydrocarbons and polycyclic aromatic hydrocarbon derivatives. Reg. Toxicol. Pharmacol, 28, 45-54. 
EPA. (1996) Method 3550B.(available at ://www.epa.gov/epaoswer/hazwaste/test/pdfs/3550b.pdf) 
EPA. (1999) Compendium method TO-13A, Determination of Polycyclic Aromatic Hydrocarbons (PAHs) in Ambient Air 

Using Gas Chromatography/Mass Spectrometry (GC/MS). EPA-625/R-96-010b. 
Maltby L., Forrow M.D., Boxall B.A.A., Calow P. and Clifford B.I. (1995) The effects of motorway runoff on freshwater 

ecosystem: 1. Field Study. Environ. Toxicol. Chem., 14, 1079-1092. 
Ministry of land, infrastructure and transport Japan (1999) Road Traffic Census CD-ROM . 
Mirisola M.G., Cali F., Gloria A., Schinocca P., Amato D.M., Cassara G., Leo D.G., Palillo L., Meli C. and Romano V. 

(2001) PAH gene mutations in the Sicilian population: association with minihaplotypes and expression analysis. 
Molecular Genetics and Metabolism, 74, 353-361. 



Diffuse Pollution Conference Dublin 2003                                                                                             4C  SUDS 

 4-53 

Takada H., Onda T. and Ogura N. (1990) Determination of polycyclic aromatic hydrocarbons in urban street dusts and 
their source materials by capillary gas chromatography. Environ. Sci. Technol,  24, 1179-1186. 

Zakaria M. P., Takada H., Tsutsumi S., Ohno K., Yamada J., Kouno E., and Kumata H. (2002) Distribution of polycyclic 
aromatic hydrocarbons (PAHs) in rivers and estuaries in Malaysia: a widespread input of petrogenic PAHs. Environ. 
Sci. Technol, 36, 1907-1918. 

 
The literature supporting Table 1 
Nasrin K., Scheff R., Peter A. and Holsen M.T. (1995) PAH source fingerprints for coke ovens, diesel and gasoline 

engines, highway tunnels, and wood combustion emissions. Atmos. Environ., 29, 533-542. 
Kado N., Okamoto Y., Robert A. and Kuzmicky A.P. (1996) Chemical and bioassay analyses of diesel and biodiesel 

particulate matter, Pilot Study. Final report for the Montana State Department of Environmental Quality and U.S. 
Department of Energy. (available at http://journeytoforever.org/ biofuel_library/UCDavisBiodiesel.pdf) 

Mi H., Lee W., Chen C., Yang H. and Wu S. (2000) Effect of aromatic content on PAH emission from a heavy-duty diesel 
engine. Chemosphere, 41, 1783-1790. 

Norbeck J.M., Durbin T.D. and Truex T.J. (1998) Measurement of primary particulate matter emissions from light-duty 
motor vehicles. Final Report (CRC Project No. E-24-2) for Coordinating Research Council, Inc. and South Coast Air 
Quality Management District. (available at http://www.cert.ucr.edu/research/ pubs/98-ve-rt2a-001-fr.pdf) 

Watson J.D., Fujita E., Chow J.C. and Zielinska B. (1998) Northern Front Range Air Quality Study. Desert Research 
Institute. 4-41. (available at http://www.epa.gov/ttn/chief/nti/pahmethod.pdf). 

Sagebiel J., Zielinska B., Walsh P., Chow J., Cadle S., Mulawa P., Knapp K., Zweidinger R. and Snow R. (1997) PM-10 
dynamometer exhaust samples collected from in-service vehicles in Nevada. Environ. Sci. Technol, 31, 75. 

EPA. (2000) Draft health assessment document for diesel exhaust. SAB Review Draft, Report No. EPA/600/8-90/057-E. 
European Environment Agency (2000) COPERTIII. Computer programme to calculate emissions from road transport. 

“Methodology and Emission Factors (Version2.1)”. Technical Report No.49. (available at 
http://reports.eea.eu.int/Technical_report_No_49/en/tech49.pdf) 

Zielinska B., McDonald J. and Hayes T.  (1998) Northern Front Range Air Quality Study, volume B. Source Measurements, 
Desert Research Institute. 

Chao M., Lin T.H., Chang F. and Chen C. (2001) Effect of methanol-containing additive on emission characteristics from a 
heavy-duty diesel engine. Sci. Tot. Environ., 279, 167-179. 

McCormick R., Graboski L., Michael S., Alleman T., Alvarez L., Javier R., Kado N., Kuzmicky Y., Paul A. and Kobayashi 
R. (2001) Quantifying the emissions benefit of opacity testing and repair of heavy-duty diesel vehicles. Final Report to 
Colorado Department of Public Heath and Environment. 

Durbin T.D., Collins J.R., Norbeck M.J. and Smith M.R. (1999) Evaluation of the effects of alternative diesel fuel 
formulations on exhaust emission rates and reactivity. Final Report(SCAQMD Contract 98102.) to South Coast Air 
Quality Management District Technology Advancement Office. (available at http://www.cert.ucr.edu/research/pubs/99-
ve-rt2p-001-fr.pdf) 

Bugarski D.A. (1999) Characterization of particulate matter and hydrocarbon emissions from in-use heavy-duty diesel 
engines. Doctoral Dissertation, department of mechanical and aerospace engineering, West Virginia University. 
(available at http://etd.wvu.edu//ETDS/E1174 /BUGARSKI_A_ETD.PDF) 

National Institute of Standards & Technology  (2000) Certificate of Analysis, Standard Reference Material 1650a. 
Norbeck J.M., Durbin D.T. and Truex J.T. (1998) Characterization of particulate emissions from gasoline-fueled vehicles. 

Final report(Contract. 94-319) to California Air Resources Board,. (available at 
http://www.cert.ucr.edu/research/pubs/98-ve-rt85-006-fr.pdf)  

Mi H., Lee W., Chen S., Lin T., Wu T. and Hu J. (1998) Effect of gasoline additives on PAH emission. Chemosphere, 36, 
2031-2041. 

Cadle S., Mulawa H., Groblicki P., Laroo P., Ragazzi C., Ronald A., Nelson K., Gallagher G. and Zielinska B. (1999) In-
use light-duty gasoline vehicle particulate matter emissions on the FTP, REP05, and UC Cycles. Final Report CSC 
Project E-46. 

Nisbet I.C.T. and LaGoy P.K. (1992) Toxic equivalency factors for polycyclic aromatic hydrocarbons. Reg. Toxicol. 
Pharmacol, 16, 290–300. 

Mi H., Lee W., Wu T., Lin T., Wang L. and Chao H. (1996) PAH emissions from gasoline-powered engine. 
J.Environ.Sci.Heath A,  3, 1981-2003. 

Brož J., Grabic R., Kilián J., Lojkásek M., Marklund S., Ocelka T., Pekárek V., Pøibyl J., Tydlitát V. and Výška J. (2000) 
The effect of oils on PAH, PCDD, PCDE, and PCB emissions from a spark engine fueled with leaded gasoline. 
Chemosphere, 41, 1905-1911. 

Battelle Memorial Institute (1998) Testing and characterization of Orimulsion®-400: Volume I - Technical Report. Battelle, 
Duxbury, MA. ( available at http://www.orimulsionfuel.com/enviroment/Charact/ factchemical.pdf) 

US Coast Guard Research and Development Center (1999) Predicting the behavior of Orimulsion spilled in water. Final 
Report (Report No. CG-D-24-99, I) (available at http://www.rdc.uscg.gov/Reports/ 1999/cgd2499i.pdf) 

US Coast Guard (1997) Micro- and Meso-Scale Methods for Predicting the Behavior of Low-API Gravity Oils (LAPIO) 
Spilled in water 1995.Oil Pollution Grants Program, Research and Special Programs, US Coast Guard, Region, 1st 
District Boston. (available at http://wwworimulsionfuel.com/enviroment/ Charact/factchemical.pdf) 

TPH criteria working group, American Petroleum Institute, Association for the Environmental Health of Soils , Association 
of American Railroads, British Petroleum, Chevron Research and Technology Company, Exxon Biomedical Sciences, 



Diffuse Pollution Conference Dublin 2003                                                                                             4C  SUDS 

 4-54 

Inc., Retec, Inc.,Shell Development Company, United States Air Force, Air Force Research Laboratory, University of 
Massachusetts. (1998). Composition of Petroleum Mixtures.(available at http://www.aehs.com/publications 
/catalog/contents/ Volume2. pdf) 

Irwin, J. R. (1997) Environmental Contaminants Encyclopedia Crude Oil Entry. National Park Service (available at 
http://www.nature.nps.gov/toxic/crudeoil.pdf) . 

Irwin, J. R. (1997) Environmental Contaminants Encyclopedia Fuel Oil Number 5 Entry. National Park Service (available 
at http://www.nature.nps.gov/toxic/fueloil5.pdf). 

Weisman W.(ed.) (1998) Analysis of petroleum hydrocarbons in environmental media. Total Petroleum Hydrocarbon 
Criteria Working Group Series Volume 1.(available at http://www.aehs.com/  
publications/catalog/contents/Volume1.pdf) 

Brandt H.C.A. and De Groot P.C. (2001) Aqueous leaching of polycyclic aromatic hydrocarbons from bitumen and 
asphalt. Wat. Res., 35, 4200-4207. 

Yang H., Lee W., Mi H., Wong C., Chen C. (1998) PAH emissions influenced by Mn-based additive and turbo charging 
from a heavy-duty diesel engine. Environ. Intn., 24, 389-403. 

Li C., Mi H., Lee W. and Wen-Chun W. (1999) PAH emission from the industrial boilers. J. Hazardous Materials A, 69,1-
11. 

EPA (1995) Compilation of air pollutant emission factors, AP-42, Volume I, Fifth Edition. 
Missouri Department of Natural Resources (1996) Minnesota Residential Fuelwood Survey. 
Yang H., Lee W., Chen S. and Lai S. (1998) PAH emission from various industrial stacks. J. Hazardous Materials, 60, 

159-174. 
EPA (1997) Air emissions from scrap tire combustion, EPA-600/r-97-115. 


