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Abstract

:

Emissions of PAH, nitro-PAHs, and oxy-PAHs from a diesel engine fueled with diesel-biodiesel-ethanol blends need to be controlled and reduced, as they are unregulated emissions harmful to the environment and human health. The objective of this work was to investigate the effect of ethanol concentration on diesel engine emissions when fueled with diesel–biodiesel–ethanol blends. Ethanol was added with biodiesel–diesel blends. Diesel B7 and two ternary blends, B7E3 and B7E10, with 3% and 10% ethanol, were tested and studied in a diesel engine to determine engine performance characteristics and particulate matter emissions and to quantify polycyclic aromatic compounds (PACs) associated with PM1.0 and PM2.5. Under the same engine conditions, 18 PAHs, 27 nitro-PAHs, and 6 quinones (oxy-PAHs) were determined by GC–MS in real samples obtained from the engine. The mean concentrations of PACs found in the B7, B7E3, and B7E10 blends for PM1.0 ranged from 0.1 µg m−3 (coronene) to 118.1 µg m−3 (2-nitrofluorene). The concentrations for PM2.5 ranged from 0.1 µg m−3 (acenaphthylene) to 99.7 µg m−3 (2-nitrofluorene). Potent mutagens benzanthrone (BA) and 3-nitrobenzanthrone (3-NBA) were found at concentrations ranging from 0.10 µg m−3 to 1.9 µg m−3 and 0.3 µg m−3 to 1.6 µg m−3, respectively. Low molecular weight (LMW) PAHs were mainly PACs bounded to the PM1.0 and PM2.5 particles emitted by B7E10. Flow properties were improved by adding 3% and 10% ethanol to biodiesel. B7E3 and B7E10 blends presented low fuel consumption and a reduction in the emission factor (EF) by the engine. B7E10 blending showed a smaller total concentration of ∑PAH (26.8 µg m−3), ∑nitro-PAH (85.4 µg m−3), and ∑oxy-PAH (6.0 µg m−3) associated with PM2.5 particles compared PM1.0.
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1. Introduction


The growth in fuel demand that is arising from industrial development and engine vehicle fleets has increased the use of fossil fuels in the global energy matrix [1,2]. In this context, the need to find alternative fuels and economically viable technologies arouses the interest of many countries in the world. Many researchers are diving into the search for alternative fuels to overcome the fossil fuel crisis [3,4,5,6,7].



The use of renewable fuels is one of the alternatives that could contribute to the advancement of studies aimed at evaluating the performance of automotive systems in order to reduce atmospheric emissions. The mixture of oxygenated fuels and biofuels has been used in diesel cycle engines seeking to promote new applications [8,9,10,11,12,13,14]. However, there is still a need for targeted investigations into the properties of biodiesel exhaust particles and other biofuels, mainly related to toxicity and adverse health effects during exposure [15].



Recently, Yusuf et al. [16] compared the effect of biodiesel compositions on emissions of regulated and unregulated toxic pollutants using the technology of a high-efficiency after-treatment device (HePT) that can be applied in a diesel engine under different engine loads. Gaseous and particulate pollutants were evaluated pre-and post-treatment. The results indicated significant reductions in CO, HC, and NOx emissions with the HePT device. For unregulated emission factors (EFs), PM2.5 species were dominated by OC, and a similar proportion was observed with soot-EC using a HePT device fueled with B25 and B50. The B25 and B50 EFs of total PAHs decreased from 11.7% to 54.8% compared to B0 at all engine loads [16].



The combustion of fuel mixtures containing alcohols and methyl or ethyl esters (biodiesel) in diesel cycle engines provides the oxygen needed to form carbon dioxide (CO2) instead of carbon-rich particles. This, in turn, contributes to lower emissions of smoke, particulate matter (PM), carbon monoxide (CO), and hydrocarbon (HC) emissions. However, it results in higher emissions of nitrogen oxides (NOx) and sulfur (SOx) [6,8].



Several studies with an ethanol content ranging from 3% to 90% [6,8,9,17,18,19,20,21,22,23,24,25,26,27,28] were performed with mixtures containing diesel, biodiesel, and ethanol for use in diesel cycle engines, with the objective of evaluating performance (performance and consumption), emissions of HC, NOx, CO, particulate matter (PM), and volatile organic compounds, including PAHs, generated by diesel engines. The addition of ethanol and/or biodiesel to diesel increases the ignition delay, combustion rate, and thermal efficiency and reduces exhaust fumes. Considering the effect of ethanol that is present in diesel or a diesel-biodiesel blend on unregulated emissions such as PAHs, Yilmaz et al. [29,30] investigated the effects of the fuels on PAH formation and emissions compared to straight diesel fuel in a diesel engine operating with different biodiesel blends consisting of 5%, 20%, and 35% alcohol. The results show how adding 5% alcohol to biodiesel decreased total PAH emissions, and adding 20% and 35% alcohol to biodiesel increased the total PAH emissions compared to neat biodiesel.



Particulate matter (PM) is one of the main pollutants to be emitted in diesel burning due to its complexity and interactions with different chemical substances in the atmosphere [31]. Particle emissions from diesel vehicles are dominated by the size range of final and ultra-fine particles, such as particulate material with an aerodiameter less than 1.0 µm (PM1.0) and 2.5 µm (PM2.5) [32,33]. There is a focus on diesel vehicle emissions as the source of these particles, which are associated with increased concentrations. This is in addition to biofuels, which can become an important target for regulatory action [34]. The exhaust of diesel engines originates from atmospheric particles consisting mainly of large agglomerates of solid carbonaceous compounds, sulfur compounds, and volatile organic compounds (VOCs) [32,35]. The small fraction of diesel that is evaporated and atomized in the combustion process is adsorbed on the surface of the carbonaceous nuclei, condensed on the surface of the particles, and generally consists of aromatic hydrocarbons, quinones, organic compounds, etc., which are considered minority constituents [32,36].



Diesel engines are known to be sources of emissions of polycyclic aromatic hydrocarbons (PAHs) and their nitro-PAHs and quinone derivatives. The occurrence of PAHs, nitro-PAHs and quinones has aroused great interest and concern for health due to their carcinogenic and mutagenic properties [37]. These compounds result from primary emissions from combustion processes, that is, direct combustion sources [37]. Formation occurs during combustion at high temperatures of fuel as part of the unburned fuel and lubricating oil [38,39,40]. Road traffic is considered the main primary source of PAHs, NPAHs, and quinones (Oxy-PAHs) in urban areas [41].



Currently, the effects of diesel-biodiesel-ethanol blends in diesel engines, especially the formation of PAHs, nitro-PAHs, and quinone derivatives are not well known. The literature lacks a greater understanding of the impacts of adding alcohol and biodiesel, including the effects on emissions that are created by these polycyclic aromatic compounds. Although there are studies on diesel-biodiesel-ethanol blends for PAHs, the emission of nitro-PAHs and oxy-PAHs (Quinones) has not yet been investigated. A novel fuel blend, based on the addition of renewable fuels to diesel, with stability, ease of use, and economic viability, allows for synergy with new technologies. The study of the ideal renewable fuel mixture for diesel engines can simultaneously reduce regulated emissions (CO, HC, and NOx) and unregulated emissions such as PAHs and derivatives [29,42].



This study aims to encourage the use of biofuels, carry out tests with diesel-biodiesel-ethanol mixtures in diesel engines, and provide new data to fill in the gaps on this subject in the literature. To achieve this, we investigated the engine performance and emissions of diesel-biodiesel-ethanol mixtures tested with 3% (B7E3) and 10% (B7E10) ethanol to study the effect of ethanol on the emission of particulate matter and polycyclic compound aromatics associated with PM1.0 and PM2.5, produced by the diesel engine and operating with the mixtures B7, B7E3, and B7E10. As a novelty of the present work, there is the investigation of diesel-biodiesel-ethanol mixtures in relation to unregulated emissions through the simultaneous determination of concentrations of 18 PAHs, 27 nitro-PAHs, and 6 Oxy-PAHs (quinones), highlighting the detection of potent BA and 3-NBA mutagens.




2. Materials and Methods


2.1. Fuels and Chemicals


Two kinds of fuel blends, using proportional volumes of commercial diesel (S10, B7 –93% of diesel and 7% of biodiesel), anhydrous ethanol (99.9% m m−1, Merck, Darmstadt, Germany), and pure frying oil biodiesel, were used in this work: (i) a ternary blend with 90% v/v of diesel, 7% v/v of biodiesel and 3% v/v of ethanol (B7E3) and (ii) a ternary blend with 83% v/v of diesel, 7% v/v of biodiesel and 10% v/v of ethanol (B7E10). The biodiesel employed in the tests was donated by a biodiesel plant installed at the Polytechnic School of the Federal University of Bahia (UFBA, Salvador, Bahia, Brazil), with a production capacity of 5,000,000 L per year. Commercial diesel (B7) was purchased at commercial gas stations in the city of Salvador, Bahia, Brazil. The specifications of the fuels are listed in Table 1.




2.2. Sampling: Performance of the Diesel Engine and Particulate Matter Collected


The system that was used for sampling was a compound turbo-compressed engine, with direct fuel injection, for power generation applications (stationary generator engine) MWM, model MS 3.9T, a speed rate of 1800 rpm, four strokes, operating in stationary mode, and with 70% of loading coupled to a steady-state bench dynamometer (Foucault AVL DP 240). The engine and dynamometer’s main characteristics are listed in Table 2a,b, respectively.



For PM1.0 and PM2.5, sampling was carried out with Teflon filters which were 47 mm in diameter and contained 1 μm of the pore (MILIPORE, Ireland); these were placed in an atmosphere with humidity and controlled temperature for 24 h to reduce the interference of humidity in the filter weighing procedure. The ambient temperature ranged from 23 to 27 °C. The measured relative humidity was between 40% and 54%. The PM fractions were collected in cyclone-type samplers with the cut-off for PM1.0 and PM2.5 coupled to a filter support system (model 16,254, Holder Sartorius Stedim). The total volume of the sampled air was 0.240 m3, and the dilution ratio (diesel exhaust: dilution air) varied between 1:15 and 1:46 with an average of 1:30. The sampler was placed at the outlet of the constant volume sampling (CVS) and the exhaust air suction was performed with the aid of a vacuum pump and a flow rate of 8 L min−1 controlled by a Dwyer rotameter (Rate-master model, capacity for 10 L min−1). PM1.0 and PM2.5 samples were collected in triplicate for each fuel blend (B7, B7E3, and B7E10) for 30 min. Figure 1 shows the schematic layout of the engine test bed and sampling system for PM1.0 and PM2.5.



The equation that was used to calculate the FE in emitted particle mass was Equation (1):


FE = (mass of PM emitted/mass of fuel consumed) × dilution factor



(1)







The equation that was used to calculate the FE in the mass of an organic compound was Equation (2):


FE = (mass of organic compound contained in PM emitted/mass of fuel consumed) × dilution factor



(2)








2.3. Instrumentation and Chemical Analysis


Instrumentation, sample preparation, and chromatographic analysis by GC-MS were performed under the same experimental conditions previously validated by Santos et al. [43] and were applied in the works of both our group [44] and Santos et al. [45] to determine polycyclic aromatic compounds, and contemplate PAHs, nitro-PAHs, and quinones associated with atmospheric particles.



In a brief description, this work utilized a gas chromatograph coupled to a mass spectrometer (GC-MS QP 2010 Ultra, Shimadzu, Japan), equipped with an Rtx-5MS gas capillary column (30 m × 0.250 mm × 0.25 µm, Restek Bellofonte, PE, USA). Oven temperature programming was initiated at 70 °C (2 min) and then rose from 70 to 200 °C (30 °C min−1, 5 min) and 200 to 330 °C (5 °C min−1, 0.67 min). The injector temperature was set at 310 °C, and a transfer line was set to 280 °C. For GC-MS-SIM analysis, the electron ionization mode (EI) (70 eV) was applied. The extraction of PM1.0 and PM2.5 samples followed the procedures described by Santos et al. [43,45]. Sample preparation was performed using a filter piece 4.70 cm2 in diameter, which was then added to a miniaturized micro-extraction device using 500 µL of the extraction solvent (mix of 18% acetonitrile in dichloromethane) and 23 min of sonication [43,45]




2.4. Quality Assurance/Quality Control


All glassware and sampling material were cleaned according to the reference methodology EPA Method 610 for PAH analysis. Before analysis, different analytical blank solutions (instrument, solvent, and method blanks) were assessed to check for the presence of interfering compounds. The instrument blank was evaluated by analyzing the carrier gas in the GC-MS system. The analytical blank solution was evaluated by an extraction solvent using GC-MS, and the blank method was assessed by performing blank solution extraction using only the extraction solvent in the microextraction device. No interfering compounds eluted at the same retention time as the target analytes were detected in the instrument, solvent, or method blanks.



The LOD in an atmospheric concentration (µg m−3) in this study ranged from 0.03 µg m−3 (benzo[a]pyrene) to 0.11 µg m−3 (dibenzo[a,h]anthracene) and between 0.16 µg m−3 (1-nitrobenzo[e]pyrene) and 1.14 µg m−3 (3-nitrophenanthrene), and 0.59 µg m−3 (1,4-naphthoquinone) and 23.6 µg m−3 (9,10-phenanthraquinone) for PAHs, nitro-PAHs, and quinones, respectively. The limit of quantification (LOQ) ranged from 0.09 µg m−3 to 0.37 µg m−3, 0.55 µg m−3 to 3.84 µg m−3, and 1.98 µg m−3 to 71.6 µg m−3 for these same compounds.



In order to assess the extraction efficiency, the method accuracy was evaluated using certified reference material SRM 1649b Urban Dust (NIST). The mean values of recovery were found from 104 ± 12% for PAHs, 89.4 ± 7.2% for nitro-PAHs, and 96.4 ± 5.5 for quinones. To evaluate the extraction efficiency of each batch of samples, we also added two deuterated standards of fluorene-d10 and pyrene-d10. Recovery efficiencies for the deuterated PAHs were 83% and 96%, respectively.




2.5. Risk Assessment based on Incremental Lifetime Cancer Risk


The risk assessment was carried out considering the carcinogenic and mutagenic potential of the studied polycyclic aromatic compounds detected in PM1.0 and PM2.5 and obtained from the diesel-biodiesel-ethanol blends B7, B7E3, and B7E10. The target group for risk assessment was based on three categories: adults (>21 years), adolescents (11–16 years), children (1–11 years), and infants (<1 year) [43].



The mathematical equations, toxicity equivalent factors (TEF), and mutagenic equivalent factors were values for each compound and were used according to those described by Santos, Da Rocha, and De Andrade [45], and the references therein. Briefly, the daily inhalation levels (DIL) were calculated according to Equation (3):


DIL = BaPeq × IR = (∑Ci × TEFi) × IR



(3)




where BaPeq was the concentration of each PAH and PAH derivative equivalent to benzo(a)pyrene given in ng m−3. Ci is the concentration of the individual PAH or PAH derivative. TEFi is the toxicity equivalent factor, and IR is the inhalation rate (m−3 d−1). In addition, the incremental lifetime cancer risk (ILCR) was calculated in order to evaluate the inhalation risk for people exposed directly to PM1.0 and PM2.5 emitted by diesel engines [45]. The ILCR was obtained from Equation (4):


ILCR = (DIL × SF × ED × Cf × EF)/(AT × BW)



(4)




where SF is the cancer slope factor of benzo[a]pyrene for inhalation exposure (3.14 mg kg−1 day−1). ED (year) is the time of exposure to air particles. Cf is the conversion factor (1 × 10−6). EF is the exposure frequency (365 days year−1). AT represents the lifespan of carcinogens over 70 years (70 × 365 = 25,550 days), and BW is the body weight of a given individual in a target population. Details of the calculations can be found in Santos, Da Rocha, and De Andrade [45].





3. Results and Discussion


3.1. Specific Fuel Consumption


In the tests, the measurements and monitoring of the consumption of fuel blends by the engine were carried out through the automatic dynamometer management system for the addition of 3% and 10% of anhydrous ethanol into the B7 mixture (B7E3 and B7E10). Figure 2 shows the consumptions by fuel blends (B7, B7E3, and B7E10) for a sampling period of 30 min.



The addition of anhydrous ethanol (E10) to the B7 blend slightly increases the engine’s fuel consumption. The increase in the fuel consumption that was burnt in the tests of the B7E3 and B7E10 blends in relation to B7 was approximately 0.2% and 4.9% for PM1.0 and 0.3% and 6.5% for PM2.5, respectively. These increases were not significant for a 30-min collection. However, the application of B7E3 and B7E10 blends for continuous use can lead to a significant increase in fuel consumption. A higher fuel consumption caused by ethanol blends may be associated with their smaller calorific value. Tse et al., [46] also found similar results, evaluating ternary blends containing a fixed proportion of diesel and biodiesel (85% v/v and 15% v/v), respectively, adding 5% v/v and 10% v/v of ethanol in a diesel cycle engine. Thus, the increase in the concentration of ethanol in diesel/biodiesel blends caused a delay in the ignition and, consequently, an increase in the consumption of the fuel burned in the pre-mix stage.




3.2. Emission Factors for PM1.0 and PM2.5


The evaluation of the emission factors (EF) for PM1.0 and PM2.5 were performed for the tests using the fuel blends B7, B7E3, and B7E10. The PM1.0 and PM2.5 EF are shown in Figure 3a and Figure 3b, respectively.



The results obtained for the PM1.0 EF particles showed that the addition of 3% and 10% anhydrous ethanol in the B7 mixture reduced the number of particles emitted by approximately 31% for B7E3 and increased by approximately 23% for B7E10. However, PM2.5 showed an increase of approximately 13% for B7E3 and 35% for B7E10. Ghadikolaei et al. [47] studied the emissions of particulate matter emitted by a diesel engine powered by ternary fuel (diesel-biodiesel-ethanol) and showed that the application of DBE had an effect on reducing particulate matter (PM) emissions. Yang et al. [48] also found similar results for alcohol-containing blends, where the particle number concentrations for all size groups were reduced for biodiesel-pentanol blends under all tested conditions due to a longer ignition delay time, lower viscosity and boiling point, and higher oxygen content of pentanol. In the present study, the results are comparable to the results found for PM1.0 in B7E3 and agree with Tse et al. [46], who reported a reduction in ultrafine particles and nanoparticles in the use of blends containing diesel/biodiesel/ethanol.



However, a significant increase in the concentration of both PM1.0 and PM2.5 particles was observed for the B7E10 fuel blends. According to some studies in the scientific literature, the mode of combustion or engine operation conditions played a more critical role in the reduction of PM than the ethanol concentration in the mixture when it did not exceed 10% by volume [49,50,51,52]. For instance, a study conducted by Prince et al. showed little changes in PM concentrations when an ethanol percentage of up to 30% was used in the fuel blend. However, a larger reduction in PM was observed at ethanol concentrations above 85% [53]. A possible explanation is that higher ethanol concentrations in the fuel blends led to a reduction in soot formation and, consequently, PM reduction through the dilution of more sooting fuel (diesel or gasoline), causing less sooting such as ethanol [52,54,55,56].




3.3. Concentration of PAH, Nitro-PAH and Quinones Associated with PM1.0 and PM2.5


Under the same engine conditions, 18 PAHs, 28 nitro-PAHs, and five quinones (oxy-PAHs) associated with PM1.0 and PM2.5 were emitted by a diesel engine fueled with B7, B7E3, and B7E10 blends, which detected and quantified both PM1.0 and PM2.5. PAHs, niro-PAHs, and Quinones emissions bound to combustion particles are shown in Table 3 and Table 4.



The mean concentrations of PAHs, nitro-PAHs, and quinones for PM1.0 were found between B7, B7E3, and B7E10 blends, which ranged from 0.1 µg m−3 (coronene) to 13.4 µg m−3 (pyrene) for the PAH, from 0.5 µg m−3 (1,4-Naphthoquinone) to 2.9 µg m−3 (9.10-Anthraquinone) for Quinones, and between 0.1 µg m−3 (1-Nitronaphthalene) and 118.1 µg m−3 (2-Nitrofluorene) for nitro-PAH. The values for PM2.5 were from 0.1 µg m−3 (acenaphthylene) to 20.6 µg m−3 (pyrene) for the PAH, for Quinones ranged from 0.9 µg m−3 (1,4-Naphthoquinone) to 4.2 µg m−3 (9.10-Anthraquinone) and between 0.2 µg m−3 (1-Methyl-4-Nitronaphthalene) and 99.7 µg m−3 (2-Nitrofluorene) for nitro-PAH. PAHs from a low molecular weight (LMW) with two aromatic rings, such as naphthalene, acenaphthylene, fluorene, and three aromatic rings, including phenanthrene and fluoranthene, were the compounds observed with higher concentrations bound to the PM1.0 and PM2.5 particles that were emitted. The PAHs that were found were like those presented by Yilmaz and David [29], who reported the presence of PAHs with two aromatic rings (naphthalene, acenaphthylene, fluorene) and three aromatic rings (phenanthrene and fluoranthene). In the investigation into the formation of polycyclic aromatic hydrocarbons (PAHs), the indicated PAHs showed a higher concentration when attached to the particle in tests of a diesel engine fueled with diesel/biodiesel/n-butanol mixtures [29]. Tsai et al. [24] also confirmed that low molecular weight PAHs (LMW-PAHs) were the main PAHs that were emitted by diesel engines operated with different biodiesel blends.



In this study, we highlight the occurrence of two important mutagenic and carcinogenic compounds: benzanthrone (BA) and 3-nitrobenzanthrone (3-NBA). The BA and 3-NBA concentrations presented in this study are the first reported values for diesel exhaust particulate matter (PM1.0 and PM2.5), which were obtained in the diesel engine fueled with diesel-biodiesel-ethanol blends. BA was detected in 100% of the samples, with concentrations ranging from 0.10 µg m−3 (PM1.0) to 1.9 µg m−3 (PM2.5) emitted with fuel blends of B7, B7E3, and B7E10. This compound is an important and potent mutagenic that is associated with vehicle emissions [57] and has been reported in ambient air particles collected in urban and semi-rural areas and at vehicle emission or industrial emissions that have impacted several sites [58,59,60,61,62], with diesel vehicles being the most likely source for benzanthrone (BA). In turn, 3-NBA was detected in 55.5% of the samples, with concentrations ranging from 0.3 µg m−3 (PM1.0) to 1.6 µg m−3 (PM2.5) for the same fuel blends. 3-NBA was detected by Enya et al. [63] and Murahashi [64] in diesel exhaust particles at concentrations of up to 6.6 μg g−1 particles. Our results are not directly comparable with the reported studies, especially concerning particle size, the models of engines, fuels, different concentration units reported, the lack of information regarding sampling data, and the broad sort of analytical methods used. We recently quantified the 3-NBA, presenting the atmospheric occurrence in ambient PM2.5 samples collected from a coastal tropical site in Northeastern Brazil as well as in samples collected in an underground level of a bus station, where bus exhausts contained a mixture of biodiesel to fossil diesel (B4) combustion during commuting [43,45]. This compound is an important mutagen and carcinogenic and suspected human carcinogen that is emitted from diesel engines [64,65]. However, 3-NBA can also be emitted or formed in the atmosphere on the surface of ambient air particulate matter [45,66,67]



The total concentration for B7, B7E3, and B7E10 blends in PM1,0 was: ∑PAH (22.6, 23.9, 30.5 µg m−3), ∑nitro-PAH (42.1, 50.4, 134.6 µg m−3), and ∑oxy-PAH (3.3, 4.3, 5.3 µg m−3) (Figure 4a). PM2.5 was found in the total concentration from ∑PAH (45.9, 56.7, 26.8 µg m−3), ∑nitro-PAH (77.8, 128.4, 85.4 µg m−3), and ∑oxy-PAH (6.9, 8.8, 6.0 µg m−3) (Figure 4b). B7E10 blending showed a smaller total concentration for PAHs, nitro-PAHs, and quinones associated with PM2.5 particles compared to PM1.0.



Biodiesel and alcohol are two of the most common types of alternative fuels used in diesel engines; however, their effects on the formation of PAHs, mainly nitro-PAHs and quinone derivatives, are not well known today. As far as it is known, our study has been the first to find PAHs and their nitro-PAHs and quinone derivatives in fine particles, such as PM1.0 and PM2.5, emitted from a diesel engine fueled with blends such as B7, B7E3, and B7E10, which brings more concern directly in relation to health-related outcomes than other studies that have considered only larger fractions of particulate matter. However, it is not so simple to compare these results in the literature since different models of engines, fuels, fuel blends, and working conditions have been used.




3.4. Emission Factors for PAH, Nitro-PAH, and Quinones in PM1.0 and PM2.5


From the PAH, nitro-PAH, and quinones were considered as diesel and biodiesel emission markers [24,37,68]; the EF for the major compounds was calculated and quantified in PM1.0 and PM2.5 samples: pyrene (PYR), fluoranthrene (FLT), phenanthrene (PHEN), naphthalene (NAPH), chrysene (CHRYS), nitrofluorene (2N-FLU), 2-nitrophenanthrene (2N-PHEN), 2-nitrobiphenyl (2-NBP), and 9,10-anthraquinones (9,10-AQ). The individual values and total EF of PAH, nitro-PAH, and quinones calculated for B7 with the addition of 3% and 10% anhydrous ethanol are reported in Table 5 for (a) PM1.0 and (b) PM2.5.



The results obtained for B7 complement a study carried out by Guarieiro et al. [68] with the use of B5, showing the impact of emissions from the use of fuels with a higher oxygen content added to B5 (commercial fuel). Another contribution was made by Ying et al. [69] who suggested that fuel reformulation for diesel engines, involving the addition of oxygen to the fuel, could reduce the emission of PAH into the atmosphere. However, the reduction in sulfur content and the reduction in the addition of aromatic compounds are also technological factors that can influence the emission of PAHs into the atmosphere.



The variation in the percentage for the individual EF of PAH, nitro-PAH, and quinones in relation to the values calculated as a function of B7 can be illustrated in Figure 5 and Figure 6 for PM1.0 and PM2.5, respectively. In PM1.0, by comparing the total values of individual EF for mixtures B7E3 and B7E10 in relation to B7 (Figure 5), there was a significant increase in the total means of PAH, nitro-PAH, and quinones, which was, respectively 145%, 445%, and 62% for the B7E10 blend. On the other hand, in the values of individual EFs for mixtures B7E3 and B7E10 (Figure 6), there was a significant reduction in the total means of EFs for PAH, nitro-PAH, and quinones which were 206%, 32%, and 19%, respectively for mixing B7 in PM2.5.



In general, the addition of 10% anhydrous ethanol in the B7 mixture showed better reduction values for the EF of PAH, nitro-PAH, and quinones for PM2.5 when compared to values obtained for PM1.0. The addition of 3% anhydrous ethanol in the B7 mixture showed a significant increase in the total EF values of PAH, nitro-PAH, and quinones for PM2.5 when compared to PM1.0. According to Keyte et al. [37], and Lee et al. [70] it was reported that blending diesel fuels, biodiesels, and alcohols could reduce emissions from total-PAHs and diesel engines. A study [71] suggested that fuel-rich combustion conditions increased PAH formation during engine operations. Therefore, an adequate supply of oxygen allowed for complete combustion and reduced the formation and emission of pollutants.



Although there is a study on diesel-biodiesel-ethanol blends, what is missing in the literature is a depth of understanding surrounding the impacts of biodiesel alcohol mixtures, including the effects on PAH emissions. Generally, a neat diesel fuel containing a lower fraction of aromatic compounds will produce a smaller mass of PAH than a higher aromatic content fuel [71]. Blending biodiesel has shown contradicting effects on the formation of PAHs in diesel engines once biodiesel fuels derived from rapeseed oil, palm oil, animal fat, and soy oil have been shown to reduce PAH production in diesel blends [50,72,73] methyl esters derived from used fry oil and olive oil may increase PAHs compared to diesel, as would coconut oil [50].



Thus far, only a few studies have specifically explored the formation of PAHs in diesel engines operating with mixtures of biodiesel and alcohol. In two studies by Zhang et al. [74,75], increases and decreases in both PAHs and BaPeq were reported depending on the engine load and alcohol content in the mix. Overall, the results indicate that diesel produces more PAHs than biodiesel because PAHs form due to the PAH content in fuel structures. In addition, the results show that a 10% addition of alcohol to biodiesel decreased PAHs, while a 20% and 40% addition of alcohol to biodiesel started increasing PAHs. This is proof of the reality that the combustion process affects PAH production even if primary fuels are free of PAHs in their fuel structures [21].



In the current study, Yilmaz et al. [30] examined biodiesel blends with a content of 5%, 20%, and 35% by vol. of alcohol and the effects that these fuels have on PAH formation and emissions compared to straight diesel fuel in a diesel engine operating at a constant speed and under varying engine loads. Overall, adding 5% alcohol to biodiesel decreased the total PAH emissions. However, except for 20% propanol, adding 20% and 35% alcohol to biodiesel increased the total PAH emissions compared to neat biodiesel. Similar to the results of our study, the lower alcohol content decreased the emission of PAHs, while a higher alcohol content generated an increase in PAH emissions.



In the current literature, there are no studies that have examined the effects of diesel-biodiesel-ethanol blends on the emissions of compounds such as PAHs, nitro-PAHs, and Quinones. In this work, the results showed that diesel-biodiesel-ethanol fuel blends are alternatives to the use of diesel engines, and this can reduce the EF of PAHs (pyrene, fluoranthene, phenanthrene, naphthalene, and chrysene), nitro-PAH (2-nitrofluorene, 2-nitrophenanthrene, and 2-nitrobiphenyl) and quinone (9,10-anthraquinone) in PM2.5, which is the particle size currently used to assess pollution rates, according to the World Health Organization (WHO).




3.5. Risk Assessment Based on Incremental Lifetime Cancer Risk


In this study, the risk assessment was evaluated considering the carcinogenicity of the PAHs based on the benzo[a]pyrene equivalency detected in the PM1.0 and PM2.5 samples. The risk assessment data relating to inhalation, daily exposure, and incremental lifetime cancer risk for PM1.0 and PM2.5 are summarized in Table 6. For both PM1.0 and PM2.5 samples, it was observed that the blend B7E3 exhibited the highest values for DIL and ILCR, considering all target populations (adults, adolescents, children, and infants). The DIL values ranged from 992 to 3195 ng person−1 day−1, 12,457 to 40,119 ng person−1 day−1, and 1351 to 4352 ng person−1 day−1 for the blends B7, B7E3, and B7E10, respectively. Regarding PM2.5 samples, the DIL values ranged from 1767 to 5692 ng person−1 day−1, 2960 to 4054 ng person−1 day−1, and 1259 to 4054 ng person−1 day−1, for these same blends, respectively. Considering only the carcinogenic potential based on benzo[a]pyrene equivalency, it was observed that in both PM1.0 and PM2.5 samples, the ILCR values ranged from 8.30 × 10−6 to 4.54 × 10−4. These values were, respectively, about two or four orders of magnitude higher than those obtained from PM samples collected in an outdoor environment, such as urban and coastal areas [45]. However, it should be kept in mind that the samples in this study were collected in the direct exhaust of a diesel engine, and therefore, the concentrations were naturally higher than those from the real environment. Thus, these data are not directly comparable.





4. Conclusions


In the present work, the emissions of PM1.0, PM2.5 and PAHs, nitro-PAHs, and quinone concentrations associated with particulate matter were collected and evaluated in a diesel cycle engine using B7E3 and B7E10 fuel blends. The addition of anhydrous ethanol to B7 fuel resulted in a slight increase in the fuel burned, which was 0.2% for B7E3 and 4.9% for B7E10. However, the addition of anhydrous ethanol to B7 fuel reduced EF by approximately 31% for B7E3 and increased it by approximately 23% for B7E10. PM2.5 showed an increase in EF of approximately 13% for B7E3 and 35% for B7E10.



The total values of the individual PM1.0 EF for B7E3 and B7E10 blends in relation to B7 significantly increased the total averages of PAH, nitro-PAH, and quinones. On the other hand, the individual EF for both the B7E3 and B7E10 blends in relation to B7 fuel showed a significant reduction in the total means of EF of PAH, nitro-PAH, and quinones which were 206%, 32%, and 19%, respectively for the B7E10 mixture in MP2.5. When 10% anhydrous ethanol was added to the B7 mixture, the individual EF values of PAH, nitro-PAH and quinones showed more significant reductions in PM2.5 particles than for PM1.0 particles.



A risk assessment based on inhalation daily exposure and incremental lifetime cancer risk showed a higher risk for the inhalation exposure of adults, adolescents, and children for both PM1.0 and PM2.5 samples obtained from B7, B7E3, and B7E10 due to burning in a diesel engine. Similarly, the calculated ILCR for these same samples was higher than the values reported in the literature for samples collected in an outdoor environment.



The results of this research highlight the importance of studies that bring answers to the contributions of the use of biofuels in the emission of pollutants, where other biofuels can be studied for a diversification of the world energy matrix.
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Figure 1. Schematic layout of the engine test bed and sampling system for PM1.0 and PM2.5. 






Figure 1. Schematic layout of the engine test bed and sampling system for PM1.0 and PM2.5.



[image: Atmosphere 14 00656 g001]







[image: Atmosphere 14 00656 g002 550] 





Figure 2. Fuel consumption B7, B7E3 and B7E10. 
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Figure 3. (a) PM1.0 emission factor for B7, B7E3 and B7E10 fuel blends; (b) PM2.5 emission factor for B7, B7E3 and B7E10 fuel blends. 
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Figure 4. The total concentration of PAHs, quinones, and nitro-PAHs found in the particulate matter from B7, B7E3, and B7E10 blends. (A) PM1.0 and (B) PM2.5. 






Figure 4. The total concentration of PAHs, quinones, and nitro-PAHs found in the particulate matter from B7, B7E3, and B7E10 blends. (A) PM1.0 and (B) PM2.5.



[image: Atmosphere 14 00656 g004a][image: Atmosphere 14 00656 g004b]







[image: Atmosphere 14 00656 g005 550] 





Figure 5. Percentage variation of individual emission of PAH, nitro-PAH, and quinones when comparing B7E3 and B7E10 with B7 for PM1.0. 
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Figure 6. Percentage variation of individual emission of PAH, nitro-PAH, and quinones when comparing B7E3 and B7E10 with B7 for PM2.5. 
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Table 1. Specifications of the fuels used in the preparation of the mixtures.






Table 1. Specifications of the fuels used in the preparation of the mixtures.





	
Characteristics

	
Standard

	
Limits




	
S10 a

	
Biodiesel b

	
Ethanol c






	
Specific mass at 20 °C (kg m−3)

	
ASTM D4052

	
815.0 and 850.0

	
850.0 and 900.0

	
791.5




	
Kinematic viscosity at 40 °C (mm2 s−1)

	
ASTM D445

	
2.0 and 4.5

	
3.0 and 6.0

	
-




	
Water content, max. (mg kg−1)

	
ASTM D6304

	
-

	
-

	
200








a ANP Resolution No. 50 of 12/23/2013; b ANP Resolution No. 45 of 8/25/2014; c ANP Resolution No. 19 of 04/15/2015.
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Table 2. Main characteristics of the diesel engine (a) and of the dynamometer (b).






Table 2. Main characteristics of the diesel engine (a) and of the dynamometer (b).





	
(a)




	
Characteristics

	
Diesel Engine




	
Power (Stand-by—1500RPM—cv/kW/kVA)

	
80/59/66




	
Total Displacement (L)

	
3.87




	
Number of Cylinders

	
4, online




	
Combustion System

	
4-stroke, Direct Injection




	
Cycle

	
Turbo powered




	
Compression ratio

	
16:1




	
Cooling

	
Liquid




	
Operating Temperature (°C)

	
77/95




	
(b)




	
Characteristics

	
Dynamometer




	
Product Category

	
passive dynamometer




	
torque measurement

	
load cell




	
Power (kW)

	
20–500




	
Torque (Nm)

	
25–2.000




	
Speed (rpm)

	
8.000–17.000
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Table 3. Concentrations of PAH, quinones, and nitro-PAH (µg m−3) in PM1.0 samples.






Table 3. Concentrations of PAH, quinones, and nitro-PAH (µg m−3) in PM1.0 samples.





	
Class

	
Compound

	
B7

	
B7E3

	
B7E10




	
µg/m3




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
PAH

	
Naphthalene

	
2.6

	
±1.0

	
2.0

	
±0.8

	
2.7

	
±0.8




	
Acenaphthylene

	
0.4

	
±0.1

	
<0.6 **

	
-

	
<0.6 **

	
-




	
Acenaphthene

	
0.5

	
±0.5

	
0.6

	
±0.3

	
0.7

	
±0.1




	
Fluorene

	
0.5

	
±0.5

	
0.6

	
±0.2

	
0.6

	
±0.1




	
Phenanthrene

	
3.1

	
±2.9

	
3.7

	
±0.9

	
3.9

	
±0.5




	
Anthracene

	
0.3

	
±0.4

	
0.4

	
±0.2

	
0.3

	
±0.1




	
Fluoranthene

	
3.4

	
±3.0

	
3.0

	
±0.5

	
5.4

	
±0.8




	
Pyrene

	
9.4

	
±8.0

	
8.0

	
±1.3

	
13.4

	
±2.0




	
Benzo(a)anthracene

	
0.5

	
±0.4

	
0.8

	
±0.2

	
0.7

	
±0.2




	
Chrysene

	
1.3

	
±1.2

	
1.7

	
±0.2

	
1.9

	
±0.4




	
Benzo(b)fluoranthene

	
0.4

	
±0.3

	
0.7

	
±0.2

	
0.5

	
±0.1




	
Benzo(k)fluoranthene

	
0.2

	
±0.2

	
0.2

	
±0,1

	
0.3

	
±0.0




	
Benzo(a)pyrene

	
<0.2 **

	
-

	
1.3

	
±0.3

	
<0.2 **

	
-




	
Perylene

	
<0.6 **

	
-

	
<0.6 **

	
-

	
<0.6 **

	
-




	
Indeno(1,2,3 c,d)pyrene

	
<0.5 **

	
-

	
0.2

	
±0.4

	
<0.5 **

	
-




	
Dibenzo(a,h)anthracene

	
<0.8 **

	
-

	
0.3

	
±0.4

	
<0.8 **

	
-




	
Benzo(ghi)perylene

	
<0.5 **

	
-

	
0.3

	
±0.5

	
<0.5 **

	
-




	
Coronene

	
<0.5 **

	
-

	
0.1

	
0.0

	
0.1

	
0.0




	

	
Ʃ

	
22.6

	
±18.5

	
23.9

	
±6.5

	
30.5

	
±5.1




	
Oxy-PAs

	
Benzoquinone

	
<7 **

	
-

	
<7 **

	
-

	
<7 **

	
-




	
1,2-Naphthoquinone

	
0.6

	
±0.6

	
1.0

	
±0.2

	
1.0

	
±0.1




	
1,4-Naphthoquinone

	
0.5

	
±0.4

	
0.7

	
±0.2

	
0.7

	
±0.1




	
9,10-Phenanthraquinone

	
<5 **

	
-

	
<5 **

	
-

	
<5 **

	
-




	
9,10-Anthraquinone

	
1.7

	
±1.6

	
1.8

	
±0.7

	
2.9

	
±0.7




	
Benzanthrone

	
0.5

	
±0.2

	
0.8

	
±0.6

	
0.7

	
±0.5




	

	
Ʃ

	
3.3

	
±2.8

	
4.3

	
±1.7

	
5.3

	
±2.4




	
Nitro- PAH

	
1-Nitronaphthalene

	
0.1

	
±0.1

	
0.2

	
0.0

	
0.2

	
0.0




	
1-Methyl-4-nitronaphthalene

	
0.2

	
±0.2

	
0.2

	
±0.1

	
0.2

	
±0.2




	
2-Nitronaphthalene

	
0.5

	
±0.5

	
0.6

	
±0.1

	
0.8

	
±0.1




	
2-Nitrobiphenyl

	
1.7

	
±1.5

	
2.0

	
±0.3

	
2.0

	
±0.4




	
1-Methyl-5-nitronaphthalene

	
0.5

	
±0.5

	
0.8

	
±0.4

	
1.2

	
±0.4




	
1-Methyl-6-nitronaphthalene

	
<55 **

	
-

	
<55 **

	
-

	
<55 **

	
-




	
2-Methyl-4-nitronaphthalene

	
<62 **

	
-

	
<62 **

	
-

	
<62 **

	
-




	
3-Nitrobiphenyl

	
0.6

	
±0.5

	
0.6

	
0.0

	
0.9

	
±0.2




	
4-Nitrobiphenyl

	
0.5

	
±0.4

	
0.4

	
±0.3

	
0.9

	
±0.1




	
5-Nitroacenaphthene

	
<52 **

	
-

	
<52 **

	
-

	
<52 **

	
-




	
2-Nitrofluorene

	
33.1

	
±28.7

	
42.2

	
±15.9

	
118.1

	
±37.6




	
2-Nitrophenanthrene

	
<53 **

	
-

	
<53 **

	
-

	
<53 **

	
-




	
3-Nitrophenanthrene

	
1.7

	
±1.5

	
2.8

	
±0.4

	
5.1

	
±1.2




	
9-Nitrophenanthrene

	
1.2

	
±1.1

	
<35 **

	
-

	
<35 **

	
-




	

	
2-Nitroanthracene

	
<33**

	
-

	
<33 **

	
-

	
<33 **

	
-




	
9-Nitroanthracene

	
1.3

	
±1.2

	
<15 **

	
-

	
<15 **

	
-




	
2-Nitrofluoranthene

	
<3 9**

	
-

	
<39 **

	
-

	
<39 **

	
-




	
3-Nitrofluoranthene

	
<36 **

	
-

	
<36 **

	
-

	
<36 **

	
-




	
1-Nitropyrene

	
<48 **

	
-

	
<48 **

	
-

	
<48 **

	
-




	
2-Nitropyrene

	
<27 **

	
-

	
<27 **

	
-

	
<27 **

	
-




	
4-Nitropyrene

	
<22 **

	
-

	
<22 **

	
-

	
<22 **

	
-




	
7-Nitrobenz(a)anthracene

	
<54 **

	
-

	
<54 **

	
-

	
<54 **

	
-




	
6-Nitrochrysene

	
<24 **

	
-

	
<24 **

	
-

	
5.2

	
±1.4




	
3-Nitrobenzanthrone

	
0.7

	
±0.3

	
0.6

	
±0.4

	
<4 *

	
-




	
6-Nitrobenzo[a]pyrene

	
<28 **

	
-

	
<28 **

	
-

	
<28 **

	
-




	
1-Nitrobenzo[e]pyrene

	
<11 **

	
-

	
<3 *

	
-

	
<3 *

	
-




	
3-Nitrobenzo[e]pyrene

	
<7 *

	
-

	
<7 *

	
-

	
<7 *

	
-




	

	
Ʃ

	
42.1

	
±26.5

	
50.4

	
±17.9

	
134.6

	
±41.6








SD: standard deviation//Values of the * LD and ** LQ in ng/m3//Results expressed as mean ± standard deviation (n = 3)
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Table 4. Concentrations of PAH, quinones, and nitro-PAH (µg m−3) in PM2.5 samples.
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Class

	
Compounds

	
B7

	
B7E3

	
B7E10




	
µg/m3




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
PAH

	
Naphthalene

	
4.3

	
±0.6

	
7.1

	
±3.9

	
2.9

	
±1.0




	
Acenaphthylene

	
0.1

	
0.0

	
0.2

	
±0.1

	
0.1

	
±0.0




	
Acenaphthene

	
1.3

	
±0.4

	
1.8

	
±0.6

	
0.8

	
±0.1




	
Fluorene

	
1.3

	
±0.3

	
1.4

	
±0.6

	
0.7

	
±0.2




	
Phenanthrene

	
10.1

	
±2.7

	
9.3

	
±3.7

	
4.9

	
±0.7




	
Anthracene

	
1.3

	
±0.5

	
1.0

	
±0.7

	
0.4

	
±0.1




	
Fluoranthene

	
6.7

	
±0.9

	
7.9

	
±3.2

	
4.6

	
±2.0




	
Pyrene

	
16.1

	
±1.2

	
20.6

	
±9.4

	
9.1

	
±1.7




	
Benzo(a)anthracene

	
0.9

	
±0.1

	
1.4

	
±0.9

	
0.6

	
±0.2




	
Chrysene

	
2.7

	
±0.3

	
3.7

	
±2.2

	
1.8

	
±0.5




	
Benzo(b)fluoranthene

	
0.5

	
±0.1

	
1.2

	
±0.8

	
0.4

	
±0.1




	
Benzo(k)fluoranthene

	
0.4

	
±0.2

	
0.8

	
±0.7

	
0.4

	
±0.2




	
Benzo(a)pyrene

	
<0.2 *

	
-

	
<0.2 *

	
-

	
<0.2 *

	
-




	
Perylene

	
<0.6 *

	
-

	
<0.6 *

	
-

	
<0.6 *

	
-




	
Indeno(1,2,3 c,d)pyrene

	
<0.5 *

	
-

	
<0.5 *

	
-

	
<0.5 *

	
-




	
Dibenzo(a,h)anthracene

	
<0.8 *

	
-

	
<0.8 *

	
-

	
<0.8 *

	
-




	
Benzo(ghi)perylene

	
<0.5 *

	
-

	
<0.5 *

	
-

	
<0.5 *

	
-




	
Coronene

	
0.2

	
±0.1

	
0.3

	
±0.1

	
0.1

	
0.0




	

	
Ʃ

	
45.9

	
±7.3

	
56.7

	
±26.9

	
26.8

	
±6.8




	
Oxy-PAHs

	
Benzoquinone

	
<7 *

	
-

	
<7 *

	
-

	
<7 *

	
-




	
1,2-Naphthoquinone

	
1.6

	
±0.5

	
2.4

	
±1.2

	
1.5

	
±0.6




	
1,4-Naphthoquinone

	
1.1

	
±0.2

	
1.7

	
±0.8

	
0.9

	
±0.1




	
9,10-Phenanthraquinone

	
<5 *

	
-

	
<5 *

	
-

	
<5 *

	
-




	
9,10-Anthraquinone

	
3.3

	
±0.7

	
4.2

	
±1.7

	
2.8

	
±1.2




	
Benzanthrone

	
0.9

	
±0.5

	
0.5

	
±0.2

	
0.8

	
±0.7




	

	
Ʃ

	
6.9

	
±1.9

	
8.8

	
±3.9

	
6.0

	
±2.6




	
Nitro- PAH

	
1-Nitronaphthalene

	
0.3

	
±0.1

	
0.4

	
±0.1

	
0.3

	
±0.1




	
1-Methyl-4-nitronaphthalene

	
0.3

	
±0.1

	
0.5

	
±0.1

	
0.2

	
±0.2




	
2-Nitronaphthalene

	
1.1

	
±0.4

	
1.3

	
±0.2

	
0.6

	
±0.5




	
2-Nitrobiphenyl

	
3.8

	
±0.7

	
2.8

	
±0.8

	
2.7

	
±0.9




	
1-Methyl-5-nitronaphthalene

	
1.0

	
±0.3

	
1.2

	
±0.1

	
1.0

	
±0.2




	
1-Methyl-6-nitronaphthalene

	
<55 *

	
-

	
<55 *

	
-

	
<55 *

	
-




	
2-Methyl-4-nitronaphthalene

	
<62 *

	
-

	
<62 *

	
-

	
<62 *

	
-




	
3-Nitrobiphenyl

	
1.1

	
±0.2

	
1.7

	
±0.7

	
0.9

	
±0.1




	
4-Nitrobiphenyl

	
1.1

	
±0.3

	
1.3

	
±0.1

	
0.8

	
±0.1




	
5-Nitroacenaphthene

	
<52 *

	
-

	
<52 *

	
-

	
<52 *

	
-




	
2-Nitrofluorene

	
56.3

	
±0.8

	
99.7

	
±66.2

	
68.8

	
±44.6




	
2-Nitrophenanthrene

	
<53 *

	
-

	
<53 *

	
-

	
<53 *

	
-




	
3-Nitrophenanthrene

	
5.4

	
±1.0

	
8.5

	
±3.3

	
4.8

	
±1.1




	
9-Nitrophenanthrene

	
2.4

	
±0.3

	
3.6

	
±0.9

	
2.1

	
±0.5




	
2-Nitroanthracene

	
<33 *

	
-

	
<33 *

	
-

	
<33 *

	
-




	
9-Nitroanthracene

	
3.8

	
±1.7

	
<15 *

	
-

	
<15 *

	
-




	
2-Nitrofluoranthene

	
<39 *

	
-

	
<39 *

	
-

	
<39 *

	
-




	
3-Nitrofluoranthene

	
<36 *

	
-

	
<36 *

	
-

	
<36 *

	
-




	
1-Nitropyrene

	
<48 *

	
-

	
<48 *

	
-

	
<48 *

	
-




	
2-Nitropyrene

	
<27 *

	
-

	
<27 *

	
-

	
<27 *

	
-




	
4-Nitropyrene

	
<22 *

	
-

	
<22 *

	
-

	
<22 *

	
-




	
7-Nitrobenz(a)anthracene

	
<54 *

	
-

	
1.4

	
±1.3

	
<54 *

	
-




	
6-Nitrochrysene

	
<24 *

	
-

	
5.2

	
±1.8

	
1.2

	
±2.1




	
3-Nitrobenzanthrone

	
1.2

	
±0.4

	
0.8

	
±0.0

	
1.6

	
±0.0




	
6-Nitrobenzo[a]pyrene

	
<28 *

	
-

	
<28 *

	
-

	
<28 *

	
-




	
1-Nitrobenzo[e]pyrene

	
<11 *

	
-

	
<11 *

	
-

	
<11 *

	
-




	
3-Nitrobenzo[e]pyrene

	
<22 *

	
-

	
<22 *

	
-

	
<22 *

	
-




	

	
Ʃ

	
77.8

	
±6.3

	
128.4

	
±75.6

	
85.4

	
±50.9








SD: standard deviation//Values of the * LQ in ng/m3//Results expressed as mean ± standard deviation (n = 3)
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Table 5. Emission Factors of concentrations of PAHs, nitro-PAHs, and quinones in (a) PM1.0 and (b) PM2.5.
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(a) PM1.0




	

	
B7

	
B7E3

	
B7E10




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD




	
PAHs

	
PYR

	
0.69

	
±0.59

	
0.59

	
±0.10

	
0.94

	
±0.14




	
FLT

	
0.25

	
±0.22

	
0.22

	
±0.04

	
0.38

	
±0.05




	
PHEN

	
0.23

	
±0.22

	
0.27

	
±0.07

	
0.27

	
±0.03




	
NAPH

	
0.19

	
±0.07

	
0.14

	
±0.06

	
0.19

	
±0.06




	
CHRYS

	
0.10

	
±0.09

	
0.13

	
±0.02

	
0.14

	
±0.02




	
Ʃ

	
1.46

	
±0.21

	
1.36

	
±0.17

	
1.92

	
±0.29




	
nitro-PAHs

	
2N-FLUO

	
2.44

	
±2.12

	
3.11

	
±1.17

	
8.30

	
±2.65




	
2N-PHEN

	
0.12

	
±0.11

	
0.20

	
±0.03

	
0.36

	
±0.09




	
2-NBP

	
0.13

	
±0.11

	
0.15

	
±0.02

	
0.14

	
±0.03




	
Ʃ

	
2.69

	
±1.09

	
3.46

	
±1.38

	
8.81

	
±3.80




	
quinones

	
9,10-AQ

	
0.13

	
±0.12

	
0.13

	
±0.05

	
0.21

	
±0.05




	
Ʃ

	
0.13

	
±0.12

	
0.13

	
±0.05

	
0.21

	
±0.05




	
(b) PM2.5




	

	
B7

	
B7E3

	
B7E10




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD




	
PAHs

	
PYR

	
1.19

	
±0.09)

	
1.52

	
(±0.69)

	
0.64

	
(±0.12)




	
FLT

	
0.75

	
±0.20

	
0.68

	
±0.27

	
0.34

	
±0.05




	
PHEN

	
0.49

	
±0.07

	
0.58

	
±0.23

	
0.32

	
±0.14




	
NAPH

	
0.40

	
±0.07

	
0.63

	
±0.24

	
0.34

	
±0.08




	
CHRYS

	
0.20

	
±0.02

	
0.28

	
±0.16

	
0.13

	
±0.04




	
Ʃ

	
3.03

	
±0.34

	
3.69

	
±0.42

	
1.77

	
±0.16




	
nitro PAH

	
2N-FLUO

	
4.15

	
±0.06

	
7.34

	
±4.87

	
4.84

	
±3.13




	
2N-PHEN

	
0.31

	
±0.05

	
0.52

	
±0.29

	
0.21

	
±0.07




	
2-NBP

	
0.28

	
±0.05

	
0.21

	
±0.06

	
0.19

	
±0.06




	
Ʃ

	
7.97

	
±1.82

	
12.04

	
±3.29

	
7.13

	
±2.19




	
quinones

	
9,10-AQ

	
0.24

	
±0.05

	
0.31

	
±0.13

	
0.19

	
±0.09




	
Ʃ

	
0.24

	
±0.05

	
0.31

	
±0.13

	
0.19

	
±0.09
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Table 6. Risk exposure by inhalation and incremental lifetime cancer risk for PM1.0 and PM2.5 emitted by engines fueled with diesel/ethanol blends. Data considering only the carcinogenic potential of the studied PAHs and PAH derivatives.






Table 6. Risk exposure by inhalation and incremental lifetime cancer risk for PM1.0 and PM2.5 emitted by engines fueled with diesel/ethanol blends. Data considering only the carcinogenic potential of the studied PAHs and PAH derivatives.





	

	
Considering Carcinogenicity Only *




	

	
Inhalation Daily Exposure (PM1.0) a

	
Incremental Lifetime Cancer Risk (PM1.0)




	
Categories

	
B7

	
B7E3

	
B7E10

	
B7

	
B7E3

	
B7E10




	
Adults (>21 years)

	
2393

	
30,043

	
3259

	
6.71 × 10−5

	
8.42 × 10−4

	
9.14 × 10−5




	
Adolescent (11–16 years)

	
3195

	
40,119

	
4352

	
1.51 × 10−5

	
1.90 × 10−4

	
2.06 × 10−5




	
Children (1–11 years)

	
1940

	
24,364

	
2643

	
3.61 × 10−5

	
4.54 × 10−4

	
4.92 × 10−5




	
Infants (<1 year)

	
992

	
12,457

	
1351

	
6.54 × 10−5

	
8.22 × 10−5

	
8.91 × 10−5




	

	
Inhalation daily exposure (PM2.5)

	
Incremental lifetime cancer risk (PM2.5)




	
Categories

	
B7

	
B7E3

	
B7E10

	
B7

	
B7E3

	
B7E10




	
Adults (>21 years)

	
4262

	
7139

	
3036

	
1.19 × 10−4

	
2.00 × 10−4

	
8.51 × 10−5




	
Adolescent (11–16 years)

	
5692

	
9533

	
4054

	
2.70 × 10−5

	
4.52 × 10−5

	
1.92 × 10−5




	
Children (1–11 years)

	
3457

	
5789

	
2462

	
6.44 × 10−5

	
1.08 × 10−4

	
4.58 × 10−5




	
Infants (<1 year)

	
1767

	
2960

	
1259

	
1.17 × 10−5

	
1.95 × 10−5

	
8.30 × 10−6








a Values given in ng person-1 day-1. * TEF values equivalent to benzo(a)pyrene. Mutagenic equivalent factor (MEF) used to calculate the mutagenicity of 3-NBA was obtained from 1.8 dinitropyrene due to comparable mutagenicity [45].
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