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 Effect of Fuel Polycyclic Aromatic Hydrocarbon Content on the Emissions of Polycyclic Aromatic Hydrocarbons and Other Mutagenic Substances from a Gasoline-Fueled Automobile Roger
 
 N. Westerholm," Tomas E. Alsberg, Ake B. Frommelin, and Michael E. Strandell
 
 Arrhenius Laboratory, Department of Analytical Chemistry, University of Stockholm, 106 9 1 Stockholm, Sweden Ulf Rannug and Lars Winquist
 
 Wallenberg Laboratory, Department of Genetic and Cellular Toxicology, University of Stockholm, 106 9 1 Stockholm, Sweden Vasslllos Grlgorladls and Karl-Erik Egeback
 
 Automotive Emission Research Section, The National Swedish Environment Protection Board, 61 1 82 Nykoping, Sweden Exhaust emissions from a fuel-injected, Otto engine equipped car driven according to the U S . Federal Test Procedure (FTP-73) were characterized chemically and by mutagenicity tests. Four fuel qualities of different polycyclic aromatic hydrocarbon (PAH) content were used. Emission variables investigated were regulated pollutants (CO, unburned hydrocarbons, NO,), particle emissions, emission of particle and gas phase associated polycyclic aromatic hydrocarbons, aldehyde emissions, emissions of benzene, toluene, ethene, and propene, and mutagenicity in particle and gas phases. From the results obtained concerning fuel-dependent exhaust emissions, it could be concluded that a linear relationship existed between input through fuel and output through the exhaust emission for certain individual PAH. A major part, -95% of the PAH in the fuel, was decomposed during the combustion process. The amount of formed PAH emitted in the exhaust is approximately constant. In fuels with low PAH contents a large proportion of emitted PAH was formed. Most of the cyclopenta[cd]pyrene and benzo[b & klfluoranthene, 180% and >TO%, respectively, is formed in the combustion process. All the exhaust samples, except one, in both the particulate phase and the gas phase, gave significant mutagenic effects on Salmonella typhimurium tester strains TA98 and TAlOO with or without a metabolizing system (S9). Generally, the gas phase gave a higher effect compared to the particulate phase. The best correlation between emitted PAH and mutagenicity was found for the particulate phase and TA100+S9 (p I0.05). Introduction Automobile exhaust constituents contribute significantly to air pollution in urban areas. Emissions from mobile sources are divided into two groups, regulated and unregulated pollutants, by law. Regulated pollutants are carbon monoxide (CO), unburned hydrocarbons (HC), and nitrogen oxides (NO,). Constituents in the exhausts belonging to the unregulated pollutants are defined as compounds that are not specified by law. However, these may well belong to the group of unburned hydrocarbons but not as individual compounds. Among the classes of compounds emitted as unregulated pollutants are the polycyclic aromatic hydrocarbons (PAH), which are formed by incomplete combustion of fossil fuels. A number of these are known to be carcinogens and mutagens (1). Due to this, the question has been raised whether it is possible to reduce the health impact from automobile exhaust emissions by selection of component constituents in the fuel. Several of the unregulated pollutants present in the exhaust emission may originate from components in the fuel. Jonsson et al. (2) investigated the methyl nitrite 0013-936X/88/0922-0925$01.50/0
 
 exhaust emission from a car running on 95% methanol and 5 % isopentane and found about a 30 times higher emission rate compared to that of a gasoline-fueled car. However, the emission of methyl nitrite could effectively be reduced by use of a three-way catalyst. Black et al. (3) concluded that benzene and total aromatic contents in the fuel influence the emission of benzene. Candeli et al. ( 4 ) investigated some fuel variables, such as fuel aromaticity and type of aromatics present, on the emission of PAHs. The authors concluded that an increase in fuel aromaticity (leaded gasoline) led to an increase in PAH emissions. This effect was not observed for the equivalent lead-free fuel quality. Olefins and aromatics, except benzene, are well-known precursors of photochemical oxidants in the atmosphere (5). Aldehydes are also considered to be important precursors due to their reactivity (6). Tomlin and Kent (7) investigated the emission of aldehydes from an automobile engine fueled with gasoline or a 20% ethanol-80% gasoline blend. The aldehyde emission was found to be 6 times higher compared to the gasoline aldehyde emission levels. Experimental Section The automobile used for this investigation was a Volvo 240,1984 Model (manual gearbox), manufactured by Volvo Car Corp. (Sweden). This car model was designed for the California market, i.e., equipped with a three-way catalyst system. However, for this investigation, the catalyst section was disconnected and replaced with a new muffler. The oxygen sensor was still mounted as previously in the exhaust system, and therefore, the A/F ratio could be considered to be stochiometric. In all other respects, the enginelvehicle concept was as standardly equipped. The engine was a fuel-injected Volvo B23F: 83 kW/90 rps (according to SAE 51349); compression ratio 9.5:l; bore and stroke 96 X 80 mm; swept volume 2.316 L. The odometer reading was approximately 15000 km. Prior to each set of experiments, the engine was checked but not adjusted, since adjustment had been made at the laboratory of the manufacturer. For preparation and conditioning of the vehicle prior to testing, the fuel tank was emptied and then filled up with 20 L of the fuel to be investigated, lube oil and oil filter were changed, and the car was conditioned by approximately 30 km of road driving at a speed of 90 kmlh. However, before the first test in each series was made, the conditioning driving distance was 60 km. Prior to each test, the vehicle was soaked according to the specification for the standard test procedure (8). A commercially available synthetic engine lubricating oil was used (Super G, Kuwait Petroleum Svenska AB, Sweden, made under license from Gulf Oil
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 Table 11. PAH Content in Fuels (mg/L) (Standard Deviation *20%, n = 2)
 
 Table I. Fuel Standard Analysis, ASTM fuel F1 density (15 "C) distillation 10% evap, "C 50% evap, O C 90% evap, "C final boiling point, "C RON MON aromatics, vol % olefins, vol % paraffins, vol %
 
 F2
 
 F3
 
 0.7413
 
 0.7120
 
 0.7387
 
 0.7576
 
 84 97 122 144 87.3 82.1 27.2 1.5 71.3
 
 72 101 155 189 92.7 88.9 13.4 0.7 85.9
 
 44 89 157 194 90.6 83.1 34.1 1.2 64.7
 
 51 95 155 199 93.0 83.2 42.6 4.7 52.7
 
 Corp.). The four lead-free fuel qualities investigated,which contained different amounts of aromatics and PAH, were prepared as follows: Fuel 1 (Fl) was made up of 69% (v) of a fraction of regular reformate, obtained by distillation up to 160 "C (760 mmHg), and 31% (v) isopentane. This fuel contained monocyclic aromatic compounds. Fuel 2 (F2) was made up of 15% (v) of the residue from the distillation of the regular reformate with a boiling point higher than 160 "C, 65% (v) isooctane, and 20% (v) npentane. This fuel contained naphthalene and larger molecular weight PAH. Fuel 3 (F3) was made up of 69% (v) regular reformate and 31% (v) isopentane. This fuel contained monocyclic aromatic compounds and PAH. Fuel 4 (F4) was made up by a refinery to correspond to US. lead-free regular gasoline, consequently containing both monocyclic aromatic compounds and PAH. This fuel quality was to be used as a commercial reference fuel. The regular reformate fraction used was delivered from a refinery in Sweden. Other components used, i.e., npentane, isopentane, and isooctane, were of analytical grade (Kebo AB, Sweden). Samples of the fuels were analyzed and characterized after the emission tests. Emission tests were carried out in ascending order regarding the PAH content, i.e., starting with fuel F1, F2, or F3 and finalizing with fuel F4. The main characteristics of the test fuels used are presented in Table I, and the PAH content is presented in Table 11.
 
 Sampling and Analysis All exhaust sampling was carried out in a dilution tunnel consisting of an -3 m long stainless steel tube with an internal diameter of 250 mm, designed according to the specification in Federal Register (8). During the tests, the dilution ratio was approximately 1:14, giving a residence time of -1 s. The tunnel was connected to a Horiba constant-volume sampling (CVS) system (Horiba Inc., Japan) equipped with a critical flow venturi of 6 m3/min. Prior to testing, the dilution tunnel was inspected and washed with 96% ethanol to eliminate deposits from previous emission tests. After washing, the tunnel was ventilated with filtered air for about 2-3 h. The vehicle was driven on a Clayton chassis dynamometer ECE-50 (Clayton Inc.) according to the US. Federal Driving Cycle (FTP-72). Analyses of regulated pollutants, unburned hydrocarbons, carbon monoxide, and nitrogen oxides (HC, CO, and NO,), were carried out with a system manufactured by Horiba (Horiba Inc., Japan). With this system, a flame ionization detector (FID) was utilized for HC analysis, a nondispersive infrared detector (NIDR) for CO analysis, and a chemiluminescencedetector for analysis of nitrogen 926
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 fuel
 
 F4 phenanthrene anthracene fluoranthene pyrene benzo[ghi]fluoranthene cyclopenta[cd]pyrene benz[a]anthracene chrysene/triphenylene benzo[e]pyrene benzo[a]pyrene indenopyrene benzo[ghi] perylene coronene sum of PAH a Not
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