Composition of carbonaceous fine particulate emissions of a flexible fuel DISI engine under high velocity and municipal conditions
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Abstract

A study about the chemical composition of carbonaceous fine particulate emissions of flexible fuel direct injection spark ignition engine under high velocity and municipal conditions was conducted with two different
gasoline-ethanol blended fuels (E10 and E85). A self-designed engine test cycle simulating high vehicle velocity conditions of up to of 180 km/h was introduced (high velocity driving cycle, HVDC), simulating a possible
motorway scenario without speed legislations as allowed in Germany, and compared to a municipal driving cycle (MDC), which is derived from the New European Driving Cycle (NEDC). The fingerprint of polycyclic aromatic
hydrocarbons (PAHs) and their alkylated and oxygenated derivatives as well as the concentrations for PM2.5, elemental carbon (EC), organic carbon (OC) and also for the three most abundant PAHs were determined using a
modified thermal optical carbon analyser (TOCA) hyphenated to soft resonance-enhanced multi-photon ionisation mass spectrometry (REMPI-TOFMS). Driving under high velocity conditions resulted in a significant increase
of concentrations for PM, EC, OC, methyl-phenanthrenes and pyrene. Engine operation on E85 led to a strong decrease for all concentrations for both cycles. A good correlation was found between concentrations obtained by
REMPI-TOFMS and TD-GC/MS. Most prominent PAHs were the alkylated series of phenanthrene, pyrene and naphthalene, whereby the abundances decrease with increasing degree of alkylation. The organic composition
between HVDC and MDC mainly differed in quantity and to a lower extent in the aromatic pattern. Nevertheless, methyl-phenanthrenes, pyrene and methyl-pyrenes as well as 4H-cyclopenta[deflphenanthrene and

benzo[blnaphtho[1,2-d]furan/benzo[blnaphtho[2,3-d]furan and it alkylated series showed a higher abundance in the pattern under high velocity conditions, where alkylated naphthalenes were enhanced in the MDC mode.
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1 Introduction



In recent years, a growing demand for passenger cars could be observed worldwide. In 2017, 3.44 Mio new cars were registered in Germany alone, which denotes the highest amount in Europe and the fourth-largest worldwide
with an still increasing trend [1,2]. Strict regulations have been introduced to decrease the emissions of greenhouse gases such as CO, and other regulated pollutants emitted by cars with diesel and gasoline engines, thus vehicle
manufactures are forced to react to meet the legislation requirements. Although the proportion of cars with alternative powertrains (e.g. electric, hybrid) shows an increasing trend, cars with diesel or gasoline engine still dominate the
sales figures in 2017, accounting for 40.3% and 56.5% of new registered cars in Germany, respectively [3]. The installation of diesel particulate filters (DPF) and selective catalytic reduction systems (SCR) ensure that modern diesel
cars may fulfil new restrictions with respect to particulate matter (PM) and nitrogen oxide (NOx) emissions. Due to the introduction of direct injection (DI) and turbochargers in gasoline engines, their efficiency could be significantly
enhanced, resulting in lower fuel consumption, possible engine down-sizing and associated decreased emission factors (EFs) for most regulated and unregulated pollutants. The drawback of the DI technique consists in significantly
increased PM emission in contrast to the conventional port fuel injection (PFI) systems. Gasoline PM emissions may even exceed those of diesel engines equipped with DPF [4-7]. As a consequence, PM emissions of DI gasoline vehicles
were limited to 5 mg/km (Euro 5 and Euro 6 standard) and 3 mg/mile in the USA (EPA Tier III standard). Cell exposure studies by Bisig et al. (2015) showed that the reduction of the particulate phase in spark ignition (SI) cars’ exhaust
by a gasoline particle filter (GPF) diminishes its genotoxicity [8]. Another possible strategy to reduce the particulate emissions of spark ignition engines (SI) is the operation with bio fuels such as bioethanol, which may also reduce the
carbon footprint and carbon monoxide (CO) emissions [6]. So-called flexible-fuel-vehicles (FFV) can be operated on gasoline-ethanol blends up to 85% of ethanol, which are still a niche product in Germany, but claiming a big market
share in Brazil [9]. The engine management of FFVs adjusts the time of fuel injection and ignition in dependence of the fuel ethanol content, resulting in optimized combustion conditions. Despite the fact that E5 (gasoline with
maximum 5% ethanol content) refers to the most common fuel for gasoline engines in Germany, it can be expected that the consumption of E10 will increase within the general trend of biofuel addition to fossil fuels. Therefore it will be
used in this study as fuel of the nearest future. E85 is also available in Germany, but covers a minor market share with 7,000 tons sold in 2015 [10]. Nevertheless, the E85 bio fuel is that with the highest avaiableavailable ethanol

proportion and should demonstrate how strong emissions of state-of-the-art DISI FFV engines can be affected only by the switch to another fuel.

The soot reducing effect of ethanol was shown by several studies. Karavalakis et al. revealed that even 20% of ethanol may reduce PM significantly in a DISI engine [11,12], which was also reported earlier by Storey et al. and
He et al. [13,14]. Hays et al. reported comparable results using a PFI engine [15]. Maricq et al. could observe a significant PM reducing effect of 30-45%, when the ethanol content exceeds 30% [16] and Clairotte et al. reported a

decrease of 40% when switching from E5 to E85 [17].

However, not only the fuel composition and engine type have an impact on the emitted amount of pollutants. Emission legislations relate to a specific driving cycle with defined acceleration and deceleration phases and vehicle
velocities. Until 2017, the New European Driving Cycle (NEDC) was performed as standard cycle for emission tests for new cars and should simulate the usual driving in urban and rural sites as well as motorways reaching a top
vehicle velocity of 120km/h [18]. This cycle was frequently criticised for not sufficiently covering realistic driving conditions, hence the worldwide harmonised light-duty vehicles test procedure (WLTP) will be used for emission
certification of new vehicles beginning September 2018. Nevertheless, high velocities beyond 130 km/h which are allowed on German motorways are not covered by emission legislation test cycles. At higher velocities, the engine
management of most gasoline cars switches to a fuel-rich mixture (A <1) to obtain higher engine power output and to avoid catalyst overheating, leading to a more incomplete combustion and elevated hydrocarbon and carbon
monoxide emissions. The main scope of this work is to demonstrate how high velocity driving affects the emission of PM and its composition. For this purpose, a self-designed high velocity driving cycle (HVDC) was developed for
engine tests simulating steady state car conditions with a maximum speed of 180 km/h. The four hour HVDC simulates a German long-distance travel scenario with an average velocity of 128 km/h, covering a start in urban
environment, driving on a rural road, and afterwards high speed sequences between 120 km/h and 180 km/h. In contrast to the modified Common Artemis Driving Cycle (CADC, top velocity 150 km/h) the self-designed HVDC offers a
less aggressive way of driving with an increased number of steady-state segments and less acceleration-and deceleration phases. Contrasting the high velocity driving, the second scenario reflected four-hour locomotion in an urban
environment alone. The known and convenient acceleration, deceleration and velocity pattern from the NEDC cycle was taken as the basis for the cycle and continuously repeated with periods of idling in-between to avoid reiterative
starting procedures. This driving pattern is referred as “municipal driving cycle” (MDC) for the purpose of this study and is also running for four hours. Both driving patterns were carried out with two fuels containing different

contents of bioethanol, namely E10 and E85.

The released PM was analysed by a modified thermal-optical carbon analyser (TOCA), which is hyphenated to a soft resonance enhanced multiphoton ionisation time-of-flight mass spectrometer (REMPI-TOF-MS) [19,20]. This
method allows a simultaneous determination of organic and elemental carbon (OC, EC) as well as the investigation of the aromatic fraction of particle-bound organic compounds. REMPI constitutes a very soft ionisation technique,
which is both highly selective and sensitive to polycyclic aromatic hydrocarbons (PAHs). PAHs are mainly formed by incomplete combustion or pyrosynthesis at high temperatures under oxygen deficiency and are related to adverse
health effects. That mass spectrometric approach was already applied for real-time characterisation of volatile as well as intermediate-volatile PAH emissions from combustion engines of light-duty passenger cars and heavy-duty

vehicles [21,22]. The three major abundant compounds phenanthrene, methyl-phenanthrene(s) and pyrene will be quantified using an external calibration approach.

2 Methods and material
2.1 Engine



A 2.0L direct injection spark ignition (DISI) flexible fuel gasoline engine, equipped with a turbo charger and applied for Euro 5 emission standards, was operated on a test bench. For detailed engine specifications see Table S1
in the Supplemental Material. This DISI engine offers compatibility and optimized engine management for gasoline fuel with variable ethanol content ranging from 0vol-% to 85vol-%. The exhaust system was equipped with a three-
way-catalyst (TWC) to convert carbon monoxide, nitrogen oxides and unburned hydrocarbons to carbon dioxide, nitrogen and water, respectively. An electric eddy current dynamometer (Schenck WM 400, Schenck RoTec GmbH,
Darmstadt, Germany) was coupled to the engine’s crankshaft and controlled by an LabVIEW® based software, which also acquired all relevant engine operations and data (diverse temperatures, pressures, torque, rotational speed,
mass flows etc.) as well as the concentrations of all main combustion gases (CO, NOx, CO, and non-methane hydrocarbons (NMHC). Gas concentrations were determined by Fourier transform infrared spectroscopy (AVL SESAM i60 FT,
AVL List GmbH, Graz, Austria), sampling from the tail-pipe after the TWC. Synthetic long life 5W30 oil (Formula VX Long Life, Q8 Oils, Kuwait Petroleum Corporation) was used as lubricant, which was substituted after half of the

experiments (100 operating hours) had been performed. The engine was operated using patterns for speed and torque based on engine conditions in a mid-sized passenger vehicle.

2.2 Fuels

The engine was operated on two commercial fuels with different ethanol content: gasoline with 5.19%-vol ethanol (DIN EN 228, TEAM Mineralsle GmbH) and gasoline with 83.13%-vol ethanol (DIN 51625, Vorwerk Mineral6l

GmbH), named here E10 and E85 respectively. For detailed properties of the tested fuels see Table S2.

2.3 Driving cycles

Two self-designed driving cycles, the high velocity driving cycle (HVDC) and the municipal driving cycle (MDC) were performed in this study. The fundamental patterns for both cycles are illustrated in Fig. 1. The MDC cycle
consisted of eleven parts based on the velocity pattern of the New European Driving Cycle (NEDC). It started with one cold start cycle (room temperature ~20 °C). Afterwards it was repeated ten times without engine shutdown and

restarts in between, however each single cycle was extended by 40 s of idling. The whole cycle ended with 980 s of idling, resulting in four hours of driving and sampling time, equalling 121.25km.
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Fig. 1 Used driving cycles; red) High Velocity Driving Cycle (HVDC) and blue) Municipal Driving Cycle (MDC).

The HVDC was also divided into eleven parts, beginning as well with one cold start MDC followed by four sequences, which were executed twice. Each sequence consisted of 1220 s of driving with maximum speeds of 180, 160,

140 or 120 km/h, with short 80 km/h phases in between. The cycle was accomplished with 1220 s of 140 km/h and 2200 s of 80 km/h, resulting as well in four hours of driving and sampling time, equalling 511.20 km.

2.4 PM sampling

The raw exhaust from the engine was diluted by a porous tube diluter followed by an ejector diluter (VC-DAS, Venacontra, Kuopio, Finland) to an average dilution ratio of ~10. For chemical analysis fine particulate matter with
an aerodynamic diameter below 2.5 pm was collected with a modified speciation sampler equipped with a PM2.5 impactor (Rupprecht & Patashnik 2300, Thermo Scientific, Waltham, USA) on 47 mm quartz fibre filters (QFF, T293,
Munktell, Sweden) at a flow rate of 10 L/min, resulting in a sampling volume of 2.4 m® over four hours. The QFFs were preconditioned 12h at 550 °C and stored in sealed glass containers. Directly after sampling, filters were frozen at

—25°C and stored at this temperature till analysis. To determine the PM weight, PTFE filters were used for sampling and were weighted before and after sampling using a micro balance.

2.5 Instrumental setup

For analysis of the carbonaceous fraction of PM, a modified thermal-optical carbon analyser (TOCA, Modell 2001A, DRI, Reno, USA), which is hyphenated to a soft photo-ionisation time-of-flight mass spectrometer, was utilised
(Fig. 2). A detailed description of the setup can be found elsewhere [19]. This technique enables the simultaneous characterisation of the aromatic composition of organic matter and the determination of organic and elemental carbon

(OC, EC). Each sample was analysed in triplicate and found to be within the given instrumental precision of 2-—-6%, whereby one sample denotes a circular filter punch of 0.5 cm? from the original filter. The carbon analysis was carried



out according to the Improve-A protocol [23]. Organic material evolves during four thermal fractions (OC1, OC2, OC3 and OC4) in helium atmosphere at temperatures of 140, 280, 480, and 580 °C, respectively. By adding 2% of oxygen
to the helium atmosphere, elemental carbon is oxidised to CO, in three EC fractions (EC1, EC2, EC3) at 580, 740 and 840 °C, respectively. For the optical correction of pyrolytic OC, laser transmittance at 635 nm was preferred over
laser reflectance because of relatively low filter loads. The analysers original quartz cross was modified with an extension of a small heated quartz arm between sample oven and oxygenator, with which a minor part (approximately
2ml/min) of the sample flow is transferred from the carbon analyser through a heated deactivated fused silica capillary (I.D. 200 um) to the vacuum ion source of the mass spectrometer. Subsequently, ionisation is carried out by
resonance enhanced multiphoton ionisation (REMPI) with 266 nm photons provided by the fourth harmonic of a pulsed Nd:YAG laser (Big Sky Ultra, Quantel, Les Ulis, France) with a repetition rate of 20 Hz. In this two-step ionisation
process ([1 + 1]-REMPI) low fragmentation and high selectivity towards (poly)aromatic compounds are achieved with low limits of detection depending on the absorptivity and lifetime of the intermediate excited electronic state [24].
Ions were separated according to their mass to charge ratio (m/z) by a reflectron time-of-flight mass spectrometer (CTF 10, Stefan Kaesdorf, Munich, Germany), which provides a mass resolution of ~650 at m/z 112 [25]. During data
acquisition, 20 consecutive spectra were averaged to reduce the signal-to-noise ratio yielding in a time resolution of 1s. All spectra recorded for each thermal fraction were summed up. Obtained signals were normalised to the

intensity of 1 ppm toluene standard gas (Linde AG, Germany), which was daily analysed, to compensate for minor fluctuations of laser energy.
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Fig. 2 Instrumental Setup; TOCA hyphenated to REMPI-TOF-MS, frequency multiplication of fundamental laser wavelength of 1.064 nm by second harmonic generation (SHG) and fourth harmonic generation (FHG) to target wavelength of 266 nm.

2.6 PAH quantification

The quantification of phenanthrene, methyl-phenanthrenes (as sum of all five isomers) and pyrene was conducted by external calibration on the basis of DIN 38402-53. Studies of Munoz et al. (2016) showed that 3-methyl-
phenanthrene is the most abundant methyl-phenanthrene isomer on gasoline soot thus this isomer was used as standard for all isomers [26]. For this purpose, a serial dilution consisting of eight equidistant and independently prepared
concentrations was prepared in n-hexane as solvent, which evaporates rapidly and is not ionised by REMPI. From each calibration standard 5 pl was pipetted on a pre-heated quartz fibre filter punch. After 30 s of drying at ambient air,
the filter was placed into the carbon analyser and measured according to the Improve-A protocol, whereby each filter load was measured in triplicate. Only m/zof 178, 192 and 202 in the OC1 and OC2 fraction were considered and
summed up over the duration of both OC fractions. The linear fit function with corresponding confidence interval at a significance level of 95% and the limit of detection (LOD), the limit of quantification (LOQ), the residual standard
deviation (s,) and the coefficient of determination (R?) for each component can be found in the supplement in Table S3 and Fig. S4. All signals were also normalized to 1 ppm toluene signal, in the same manner as explained in the
previous section. The obtained concentrations are compared with those obtained from thermodesorption gas chromatography-mass spectrometry (TD-GC/MS) which constitutes an established reference technique [27]. With TD-GC/MS

the organic fraction of PM can be analysed directly from the filter and without any further sample preparation. Therefore, TD-GC/MS as a direct analysis technique is well-suited as a reference technique for TOCA-REMPI-TOFMS.

3 Results and discussion
3.1 Regulated emissions

The mean fuel consumption in E10 experiments was 9.63 kg/h and 2.20 kg/h, for HVDC and MDC, respectively, which is equivalent to 10.69L/100km and 9.91 L/100 km. The lower heating value of E85 (33.13 MJ/kg, compared
to 42.51 MJ/kg for E10) resulted in an increased fuel consumption for both E85 experiments with 13.96 kg/h and 3.13 kg/h for HVDC and MDC, respectively, which is equivalent to 13.94 L/100km and 13.14 1/100 km. The differences in
fuel consumption (per 100 equivalent kilometres) between both cycles were surprisingly low because the motor efficiency (mechanical energy output/fuel energy input) is reduced at low engine loads, dominating in MDC (E10: 25.7%
and E85: 23.4% in mean) and enhanced at high loads, dominating in HVDC (E10: 34.4% and E85: 31.5% in mean). Moreover, the higher frequency of acceleration- and deceleration phases lead to increased fuel consumption in MDC

mode, while high velocity driving is composed of more steady state segments and less speed changing sections.



Concentrations and emission factors of inorganic gaseous emissions (NOx, CO) and organic pollutants (NMHC) are summarised in Table 1. An enhanced CO concentration during high velocity conditions is the consequence of a
low air/fuel mixture (A <1), which is needed to obtain high engine loads and avoid overheating. The TWC cannot completely reduce the CO, because of insufficient oxygen supply, which was also observed by Fontaras et al. in the
Artemis Motorway Cycle at higher speeds [7]. By using E85 fuel, the increased fuel oxygen content lead to a more complete combustion and lowered CO concentrations. NOx emissions were elevated during high velocity conditions and
emitted in equal concentrations independently from the ethanol content of the fuel. The mean PM2.5 concentration was increased by 32% for HVDC compared to MDC with the use of E10 and was reduced by 88% in HVDC and 80% in

MDC by switching from E10 to E85.

Table 1 Mean concentrations after TW NOx, CO, NMHC, PM 2.5, EC and OC in ppm and rng/m3 and emission factors for NOx, CO, NMHC in mg/kg fuel and respective conversion factors to mg/kWh.

E10 HVDC E10 MDC E85 HVDCH E85 MDC

ppm mg/m3 mg/kg fuel ppm mg/m3 mg/kg fuel ppm mg/m3 mg/kg fuel ppm mg/m3 mg/kg fuel
NOxa 5.97 (1.64) 8.00 (2.20) 61.25(17.53) 3.88(1.86) 5.20 (2.50) 19.54(11.24) 5.79(0.94) 7.76 (1.26) 27.80(5.34) 4.18 (0.73) 5.60 (0.95) 16.27 (3.34)
CcO 2077 (505) 2596 (631) 64,300 (18466) 307 (138) 384 (173) 1210 (700) 493 (1.85) 616 (2.31) 9546 (56) 84 (65.40) 150 (81.75) 258 (197)
NMHCp 10.50 (1.26) 7.50 (0.90) 31.93 (22.02) 11.56 (1.64) 8.26 (1.17) 39.59(6.08) 16.89 (8.37) 12.07 (5.98) 53.75(36.61) 140.23 (53.87) 100.16 (38.48) 195.88 (195.35)
PM 2.5 = 2.93(0.21) - = 2.22 (0.55) - = 0.35(0.21) - = 0.44 (0.18) =
EC = 2.67 (0.22) - = 1.61 (0.13) - = 0.10 (0.06) - = 0.07 (0.01) =
oC = 0.30 (0.02) - = 0.22 (0.03) - = 0.14 (0.04) - = 0.12 (0.03) =
Conversion factor to mg/kWhe - = 0.2461 = = 0.3296 = = 0.3452 = = 0.4645

2NOx in NO equivalents.
b NMHC in methane equivalents.
¢ Conversion factor from mg/kg fuel to mg/kWh.

4 Two experimental replicates; values in brackets refer to standard deviation.

3.2 EC and OC emissions

The fraction of OC which is volatilised below 280 °C (OC1 + OC2) accounts for ~60% of detected organic carbon, whereas OC3 and OC4 represents approximately 30% and 10%, respectively, in all experiments. Roughly half of

the available elemental carbon was detected in EC1 with a first flat and later slowly declining FID signal, followed by a sharp peak in EC2 explaining the remaining EC. These peak shapes were also reported by Watson et al. [28].

Both E10 experiments show low OC-EC-ratios with 0.11 and 0.13 for HVDC and MDC, respectively. These low ratios can be attributed to the removal of hydrocarbons by the three-way-catalyst while EC emissions are retained.
This agrees with the results of Storey et al. (2010) who demonstrated that EC is not expected to be affected by the three-way-catalyst due to too short residence times in the catalytic converter [13]. Driving in high velocity mode
resulted in 41% higher concentrations for OC (p = 3.3E —4) and 66% higher concentrations for EC (p =5.1E — 6), which can be explained by the increased fuel consumption and the non-stoichiometric combustion in HVDC. Results of

Fushimi et al. (2016) and Hays et al. (2013) also show that EC is the main contributor to total carbon (TC), which is in turn the main constituent of gasoline particulate matter (E10) [15,29].

When the engine was operated with E85, the OC-EC-ratios increased to 1.33 and 1.69 for HVDC and MDC, respectively. The increased oxygen content in the E85 fuel (29.00%-wt vs. 2.64%-wt in E10) leads to a more complete
combustion and consequently to decreased EC emissions. In flame studies of Wu et al. (2006) it was shown that oxygenates such as ethanol may have an impact on soot formation due to the limitation of aromatic precursors [30]. Hays
et al. (2013) also reported an increased OC-EC-ratio by using higher oxygenated fuels [15]. EC emission was decreased roughly by 2 orders of magnitude and OC by the factor of 2. However, significant differences cannot be observed
for OC or EC between the two driving cycles in E85 experiments, which may have several reasons. First of all, the engine management system can take advantage of the higher octane number of E85 and shift the switch to a rich fuel-
air-mixture towards even higher loads leading to an enhanced TWC efficiency compared to E10 operation. Furthermore, it should be mentioned that in the case of E85 samples very low filter loadings were obtained (total carbon:
1-3 g C/cm?), which are in the lower range of the instrument’s quantification limits and thus are subjected to an increased error. Nevertheless, by operating the FFV engine with E85 fuel, the emission of carbonaceous aerosol is

reduced significantly, independent of the driving cycle.



Although MDC was closely related to NEDC, it should be noted that the test-bench could not follow perfectly the desired patterns for engine speed and torque especially when the desired engine torque was negative (engine

brake) due to its eddy current dynamometer. Therefore, results for engine emissions of all investigated emissions and fuel consumption are not comparable to results from chassis dynamometer tests.

3.3 Emissions of semi-volatile aromatic compounds

Resonance-enhanced multi-photon ionisation is a powerful tool to gain insights into the molecular composition of organic carbon, especially to the aromatic fraction. As previously shown [19], mainly semi-volatile species were
expected in the first two OC-steps (up to 280 °C) followed by decomposition products of larger, low- to non-volatile substances in the subsequent temperature step (T =280-480 °C). The last OC fraction (OC4, T =480-580 °C) did not
provide any abundant signals in MS, thus OC4 will not be discussed in the following. Mass spectra of OC1 and OC2 were summed up and will be referred as “semi-volatile fraction”. Fig. 3 visualises the obtained REMPI mass spectra of
the four experiment types. The semi-volatile fractions of E10 samples are dominated by polycyclic aromatic hydrocarbons (PAHs) and their homologues alkylation series, whereby the most abundant species corresponds to alkylated
phenanthrenes (m/z 178, 192, 206, 220, 234) and alkylated pyrenes (m/z 202, 216, 230) up to C4-substitution. Intensities above SNR = 3 were observed in the m/z range from 94 to 252 corresponding to phenol and benzo-pyrenes/benzo-
fluoranthenes, respectively. Altogether, absolute intensities differ by the factor of two in favour of HVDC. The most intense signal of each homologue series belongs to the parent PAH or PAH-derivatives followed by the alkylated species
with inverse correlation between alkylation and intensity. In both scenarios, HVDC and MDC, phenanthrene (m/z 178) provides the most abundant signal, followed by pyrene (m/z 202). Single species identification made here is only
possible due to different REMPI ionisation cross sections of isobaric compounds at the used photon energy. At 266 nm, the cross section of the phenanthrene isobaric compound anthracene is negligible, hence m/z 178 was solely
assigned to phenanthrene [19,31]. However, the applied method cannot distinguish between different isomers with the same degree of alkylation because with growing PAH core structure the position of alkylation has a progressively

smaller effect on the cross section at the specific wavelength. In addition, the absolute peak heights do not reflect the absolute sample composition because cross sections of different species may differ up to two orders of magnitude

[21,31].
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Fig. 3 REMPI mass spectra for all experimental conditions left) summed up spectra for the semi-volatile fractions (OC 1 + OC 2) and right) OC 3 fraction. The most prominent alkylated series are indicated.



As described in the previous section, oxygenates such as ethanol exhibit a soot reducing effect in combustion processes due to the limitation of aromatic precursors [30]. The production of OH radicals out of ethanol plays an
important role by removing reactive hydrogen atoms, which may reactivate relatively stable aromatic molecules and can promote the ring growth process towards soot by addition of acetylene molecules (HACA mechanism, H-
Abstraction-C,H,-addition) [32]. Therefore, the semi-volatile fraction of E85 reveals low abundant signals compared to E10 samples, in both HVDC and MDC. For example, phenanthrene is less abundant on the E85 particulate
emissions by the factor of 22, while pyrene even shows a 26-fold diminished response (HVDC). This reduction implicates that particle-bound PAHs can be lowered significantly by engine operation on the highest possible ethanol
amount. Furthermore, it can be assumed, that particle-bound PAHs primarily originate from the incomplete combustion of the fossil components in the respective, which are 5.7-times higher concentrated in E10 than in E85. This

suggests, that ethanol has not only a “diluting“-effect, but also play an active role in the gasoline combustion chemistry.

The pattern of the decomposed fraction (OC3) shows similarities to that of the semi-volatile one (OC1 + OC2). Particulate semi-volatiles from diesel engines may originate from unburned fuel and have strong chemical
resemblances with the used fuel [33]. E10 as well as E85 are very volatile fuels and only contain minor amounts of semi-volatile compounds that are expected to appear in the particle phase. In conclusion, it can be assumed that most
species detected in OC1 and OC2 were formed by pyrosynthesis during combustion, which is in accordance with the observed typical pattern of decreasing abundances with increasing alkylation, also observed in previous findings [29].
In OC3, the shift towards smaller m/z is caused by the pyrolysis of high-molecular-weight substances, which decompose before evaporation. The most abundant signals correspond to polycyclic aromatic degradation products, such as
naphthalene (m/z 128), phenanthrene (m/z 178), pyrene (m/z 202), benzopyrene (m/z 252), benzo[ghi]perylene/indeno[1,2,3-cd]pyrene (m/z 276) and smaller thermal degradation products, e.g. phenol (m/z 94) and indane/benzofuran
(m/z 118). The alkylation distribution is in agreement with the pattern of the semi-volatile fraction. Generally, the intensities in OC3 mass spectra were reduced in comparison to the mass spectra of the semi-volatile fraction (E10).
There are no clear differences in pattern of OC3 between HVDC and MDC with E10 fuel, but intensities are diminished analogous to the semi-volatile fraction. The low-volatile fraction of E85 particulate matter shows a similar pattern

without significant differences between HVDC and MDC, but with strongly attenuated abundances compared to E10.

Particle-bound PAHs mainly differ in concentration, but to a lower extent in their alkylation patterns. Minor changes in the distribution of these compounds may not be noticeable on first view, thus a two-sample #test was
carried out to reveal significant differences in the pattern. Intensities in E85 mass spectra are low and near the limit of detection and therefore only E10 data were subjected to the #test. The necessary conditions for the
accomplishment of a #test are that 1) the two data sets are independent of each other 2) the respective data sets are normal distributed and 3) have equal variances (variance homogeneity). All statistical tests were carried out in
Matlab 7.11 (R2010b) at a significance level of a = 0.05. The three instrumental replicates of each sample were averaged, which results in six and five mass spectra for HVDC and MDC, respectively. Only even m/z between 78 and 350
providing S/N = 6 were considered for the following tests. To highlight the differences in the alkylation pattern and not the quantitative distinctions, the mass spectra were normalised to the base peak (BP). It was waived for a test for
normal distribution, due to the little sample size and the robustness of #test for non-normal distribution [34]. A two-sided Grubbs outlier test was performed for each m/z in the respective value set and detected outliers were removed.
A subsequent F-test identified m/z that were not variance homogeneous in both populations and subjected them to a Welch’s #test, which is more robust in this scenario. The remaining values that were showing variance homogeneity

were evaluated with Student’s #test.

In Fig. 4, the results of the statistical pattern comparison between HVDC and MDC are illustrated in a volcano diagram. The fold change (FC) on the x-axis presents a quantitative measure while the p-value on the y-axis
indicates statistical significance. Mass over charge ratios that are considered as significantly different by means of p-values < 0.05 are exclusively pronounced for HVDC except m/z 212, which is 106% higher in MDC patterns and can
be attributed to C6- naphthalene. Furthermore C2- to C4-naphthalenes (m/z 156, 170, 184) are enriched in MDC patterns as well with 86%, 124% and 238%, respectively. Species that are significantly more abundant in HVDC patterns
are linked to methyl-phenanthrenes (m/z192), pyrene (m/z202) and methyl-pyrenes (m/z216), which are enriched by 46%, 24% and 64%, respectively. Compounds with m/z of 176, 190, 218 and 232 have also higher abundances in the
HVDC. Possible compounds that could be linked to the detected m/z are high alkylated benzenes with C7- to C-11 alkylation, but also 4H-cyclopenta[deflphenanthrene (m/z 190) or benzo[b]naphtho[1,2-d]furan / benzo[b]naphtho[2,3-
d]furan (m/z 218) and their alkylation series, which were also reported to be present in gasoline and diesel soot [35,36]. A possible source of the latter compounds is thermal degradation of the lubrication oil, which can make up to 20%
of the particulate emissions of a DISI engine, but recombination and pyrolysis products of the used fuel or a combination of both are also plausible [29,37]. In conclusion, two-ring PAHs are found to be more present in the pattern of
MDC experiments, whereby three-and four-ring PAHs are more abundant under HVDC conditions. The operation under high velocity conditions led to increased temperatures in the engine combustion zone and exhaust system as well
as to a lack of oxygen. These conditions could promote the evaporation and degradation of minor amounts of lubrication oil and also initiate other processes than during MDC conditions. Nevertheless, the absolute intensities of such

compounds are relatively small and do not provide a major part of the total detected compounds.
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Fig. 4 Volcano plot comparing pattern of the semi-volatile fraction of HVDC with MDC of the E10 experiments. X-axis shows the fold change and y-axis the significance level. Each data point is linked to one m/z ratio. Horizontal black dashed lines refers to a significance level of 5%

and 10% and vertical red dashed lines refer to a fold change of 1.1 and 1.171,1.5and 1.57%, 2 and 271, Alkylated series are indicated and possible structures are given.

3.4 Quantification of major aromatic semi-volatile organic compounds

Adam et al. (2012) already described that REMPI-TOF-MS is a robust tool for semi-quantification of monocyclic and polycyclic aromatic hydrocarbons for chassis dynamometer testing [21]. Semi-quantification in that study was
based on the photo-ionisation cross sections of the analytes relative to a calibrated compound (e.g. toluene). This requires a continuous standard gas flow, which is not feasible in the experimental setup used in this study and so an
external calibration approach was conducted to quantify particle-bound organic species with REMPI-TOF-MS. Previous TD-GC/MS measurements of the same samples suggests that phenanthrene, methyl-phenanthrene (as sum of all
five isomers) and pyrene are the most abundant polyaromatic compounds on gasoline soot particles, which is in accordance with the results of Munoz et al. [26]. These compounds deliver a good base for quantification with REMPI-TOF-
MS, due to their low limit of detection (LOD), the availability of standards, a relative clear assignment to a specific m/z and a high disposability on gasoline soot. Particle bound aromatic compounds from the operation with E85 were
only present in minor amounts and showed intensities below the limit of quantification and the limit of detection. Due to the instrumental design it is not possible to increase the sample amount (e.g. the filter punch size) that can be

analysed in a single run, hence quantified values for E85 are not discussed.

The obtained concentrations of the investigated compounds are illustrated in Fig. 5 and can also be found in Table S5. Independent from the driving cycle, phenanthrene denotes the most abundant detected PAH on gasoline
particulate emissions. On average 636 ng/m>® phenanthrene is emitted in the E10 high velocity experiment, whereas the more passive driving in MDC emits 484 ng/m>. In the case of phenanthrene concentrations a high standard
deviation was observed, whereby a ttest revealed that the phenanthrene concentration does not differ significantly between the driving cycles (p=0.2). Methyl-phenanthrenes are increased by 150% from 222ng/m® in MDC to
554ng/m® in HVDC on average. In contrast to phenanthrene, the scattering of determined values between single engine runs was lower, so the mean difference between HVDC and MDC with E10 fuel is statistically significant

(p=9.3E — 7). Pyrene was emitted in a similar quantity as the methyl-phenanthrenes at increased engine loads with 566 ng/m® and was reduced significantly by a factor of two during MDC to 309 ng/m?® (p = 4.3E — 4).
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By using E85, the estimated concentrations were decreased for each of the investigated compounds and driving cycles, but without significant differences of the mean concentrations between the cycles. The E10 results were
compared with TD-GC/MS measurements of the same samples, which are additionally depicted in Fig. 5a) and are found to be in good agreement. Furthermore in Fig. 5b, ¢, d) raw exhaust concentrations of REMPI-MS and TD-GC/MS
are plotted against each other and a good correlation between both methods can be found for all three compounds. Generally, the determined concentrations for E10 obtained with the REMPI method differ by a factor of 1.3 on average
from that determined by TD-GC/MS. However, TOCA-REMPI-TOFMS can provide information about the distribution between the OC1 and OC2 fraction, i.e. how strong a compound is bound to the particles. This reflects the position of
the gas-particle equilibrium thus in principle atmospheric implications could be drawn [38]. The time traces of the three selected compounds over the OC fractions are illustrated in Fig. S9 for both E10 experiments. For instance,
pyrene showed a significant different distribution between both fractions depending on the driving cycle (p = 1.4E — 3). In HVDC 36.1% of the pyrene is evolved in OC1 and 63.9% in OC2, whereas in MDC 45.6% is desorbed in OC1 and
54.4% in OC2. Methyl-phenanthrenes on particles derived from high velocity conditions are evaporated to 56.2% in OC1 and to 43.8% in OC2, whereas MDC particles show a significant different behaviour with 62.5% in OC1 and
37.5% in OC2 (p =2.1E —4). Slightly more phenanthrene is desorbed in OC1 in both cycles (56.0% and 57.6%) compared to OC2 (44.0% and 42.4%), but without significant differences of the means for MDC and HVDC (p=0.17). In
comparison, during the external calibration process the investigated species were nearly completely evaporated in OC1 and only a minor amount could be detected in OC2. The way of driving seems to have an effect not only on the PM
emission, but as well on the particle morphology. Organic matter originating from HVDC conditions appears to be stronger attached to the particle’s elemental carbon core structure, leading to an increase of the desorption
temperature. The partitioning of PAHs between different fractions of OC might have relevance on the participation either in homogenous or heterogeneous reactions with atmospheric oxidising agents, such as OH radicals or ozone.

Such reactions can progress with different reactivity and consequently different contribution to either secondary organic aerosol (SOA) or aged primary organic aerosol (aged POA) [39].

Generally, driving under high velocity conditions led to increased emissions, which can be explained by increased fuel consumption and a non-stoichiometric combustion (fuel-rich mixture) at higher loads. The effect was
expected to be more pronounced, but engine efficiency under urban conditions (~24%) with many acceleration and deceleration phases is strongly reduced compared to higher loads and more steady state sequences (~34%). The
results of Munoz et al. (2016) have shown that driving with a DISI engine at constant loads and moderate velocities reduces emission factors of all regulated and unregulated pollutants as well as fuel consumption dramatically [26],

which seems to play a role at high velocities as well.

4 Conclusion

The study investigated how high velocity driving conditions affect the emission and composition of fine particulate matter of a DISI engine operated on gasoline with an ethanol content of 5% and 85% (E10 and E85),

respectively. To cover high velocity conditions, a self-designed high velocity driving cycle simulating vehicle top speeds up to 180 km/h was introduced, which was compared to the MDC cycle, reflecting urban traffic conditions. Driving



under HVDC conditions with E10 fuel yielded in increased CO concentrations, due to a fuel-rich combustion and consequently reduced TWC efficiency. CO concentrations were significantly decreased in both cycles by the use of E85.
High velocity conditions released 32% higher concentrated PM emissions than MDC conditions while the usage of E85 lowered particulate concentrations significantly by 88% and 80% for both cycles, respectively. It could be observed
that total carbon accounted for almost 100% of the emitted particulate material, whereby the OC/EC ratio is strongly affected by the used fuel. Operation on E10 yielded in OC/EC of 0.11 and 0.14 and for E85 1.35 and 1.71 for HVDC
and MDC, respectively. Low ratios can be assigned to the removal of organic compounds in the exhaust by the TWC, which does not affect EC emissions. Higher fuel ethanol content led to a more complete combustion resulting in lower
EC emissions due to the increased oxygen content, the limitation of aromatic precursors and consequently an increase of OC-EC ratio. Main aromatic constituents were the alkylated series of phenanthrene and pyrene, but the
homologue series of naphthalene could be observed as well. The parent PAH always represented the highest abundance of a homologue series. With increasing degree of alkylation the intensities decreased which indicates that these
compounds were formed by pyrosynthesis during the combustion process and did not originates from unburned fuel. Particle bound PAHs mainly differed by their concentrations, but only to a lower extent in the aromatic pattern. A ¢
test revealed that alkylated naphthalenes were slightly enhanced in the MDC mode, whereby 4H-cyclopenta[def]phenanthrene and benzo[blnaphtho[1,2-d]furan/benzo[b]naphtho[2,3-d]furan and their alkylated derivatives along with
pyrene, methyl-pyrenes and methyl-phenanthrenes were enriched during HVDC. Mass concentrations obtained by external calibration showed that all methyl-phenanthrenes and pyrene were significantly increased during high velocity
conditions, whereby concentrations for phenanthrene were not found to be significantly different between the driving cycles. Furthermore, the use of E85 led to strongly attenuated concentrations for PAHs, which appeared below the
limit of quantification for all quantified analytes. The comparison with quantified values determined by TD-GC/MS demonstrated that the external calibration approach using TOCA-REMPI-TOF-MS provides similar results with

additional information about the adbsorptivity of the particle-bound PAHs and thus the participation in homogenous or heterogeneous atmospheric reactions after gas-particle equilibrium.

For a more comprehensive assessment of the impact of gasoline exhaust on human health toxicological studies must be carried out. This goal was also targeted during the same measurement campaign by the exposure of lung

cells with combustion aerosol using an air-liquid-interface [40,41]. The results of these biological experiments will be subjected to a future publication.
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Highlights

¢ High velocity conditions with increased concentrations for particulate constituents.
¢ Strong decreased PM emissions by usage of E85.
¢ Driving cycle affects quantitative emissions, but not the molecular pattern.

¢ Simultaneous quantification of EC, OC and three PAHs.
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