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Abstract

Fuel type and composition affect tailpipe emissions and secondary aerosol production from mobile

sources. This study assessed the influence of gasoline fuels with varying levels of aromatics and

ethanol on the primary emissions and secondary aerosol formation from a flexible fuel vehicle

equipped with a port fuel injection engine. The vehicle was exercised over the LA92 and US06
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driving cycles using a chassis dynamometer. Secondary aerosol formation potential was measured

using a fast oxidation flow reactor. Results showed that the high aromatics fuels led to higher

gaseous regulated emissions, as well as particulate matter (PM), black carbon, and total and solid

particle number. The high ethanol content fuel (E78) resulted in reductions for the gaseous

regulated pollutants and particulate emissions. Secondary aerosol formation potential was

dominated by the cold-start phase and increased for the high aromatics fuel. Secondary aerosol

formation was seen in lower levels for E78 due to the lower formation of precursor emissions using

this fuel. In addition, operating driving conditions and aftertreatment efficiency played a major

role on secondary organic and inorganic aerosol formation, indicating that fuel properties, driving

conditions, and exhaust aftertreatment should be consider when evaluating the emissions of

secondary aerosol precursors from mobile sources.

Keywords: Secondary organic aerosol (SOA); ethanol blends; gasoline aromatics; oxidation flow

reactor

1. Introduction

Secondary organic aerosol (SOA) is formed from the oxidation of diverse non-methane organic

gases (NMOGs), ranging in volatility from volatile to intermediate volatility and semivolatile

organic compounds (VOCs, IVOCs, and SVOCs, respectively) and comprising a large fraction of

the total ambient organic aerosol mass (Jimenez et al., 2009). SOA is known to affect climate

change, air quality, and public health (Kanakidou et al., 2005; Tuet et al., 2017). Gasoline motor

vehicles are important sources of NMOGs of different volatility classes resulting from incomplete

combustion, including aromatic VOCs and long-chain alkanes, which favor the formation of SOA

(Derwent et al., 2010; Drozd et al., 2019; Zhao et al., 2018). It has been previously reported that
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gasoline vehicles are significant contributors to urban SOA budget and a more dominant source

than diesel vehicles (Bahreini et al., 2012a; Platt et al., 2017). A number of studies have

demonstrated elevated SOA formation from gasoline vehicle exhaust using smog chambers and

flow reactors, with the amount of SOA formed substantially exceeding primary organic aerosol

(POA) emissions (Vu et al., 2019; Roth et al., 2019; Nordin et al., 2013; Du et al., 2018;

Karjalainen et al., 2016).

Primary emissions and SOA formation from precursors emitted by motor vehicles can be

significantly affected by gasoline composition and properties (Yang et al., 2019a; Yang et al.,

2019b; Fushimi et al., 2016; Peng et al., 2017; Roth et al., 2020a). The widespread use of ethanol,

the biofuel of choice in the United States (US), Europe, and other parts of the world, has been

shown to reduce most harmful emissions from gasoline vehicles that have historically utilized

multipoint port fuel injection (PFI) systems and in vehicles with the more efficient gasoline direct

injection (GDI) engines (Karavalakis et al., 2014a; Maricq et al., 2012; Hays et al., 2013; Durbin

2007; Clairotte et al., 2013; Timonen et al., 2017). In particular, higher ethanol concentrations used

in flexible fuel vehicles (FFVs) designed to run with any ethanol blend up to 83% have been shown

to offer large reductions in particulate matter (PM) and black carbon emissions, as well as

reductions in mobile source air toxic pollutants, such as benzene, toluene, ethylbenzene, xylenes

(BTEX), and polycyclic aromatic hydrocarbons (PAHs) (Karavalakis et al., 2014b; Suarez-Bertoa

et al., 2015a; Yang et al., 2019c; McCaffery et al., 2020; Jin et al., 2017; Timonen et al., 2017).

Other studies have also demonstrated that the total content and volatility distribution of aromatic

hydrocarbons in gasoline will influence tailpipe emissions (Fushimi et al., 2016; Yang et al.,

2019a; Yao et al., 2017). High molecular weight and less volatile aromatic hydrocarbons will

promote the formation of a wide volatility range organic compounds (i.e., semivolatile and
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intermediate volatility) and primary PM emissions during combustion, and especially during cold-

start conditions (Fushimi et al., 2016; Yang et al., 2019a; Yang et al., 2019b; Aikawa et al., 2010).

While considerable attention has been received on the impacts of fuel composition on primary

emissions, little is known on the fuel effects on secondary aerosol formation from gasoline

vehicles. In addition, the extent to which fuel composition and properties affect SOA formation is

not always clear. Studies have looked into the direct evaporation of fuels to better understand the

effect of fuel properties on SOA formation (Jathar et al., 2013; He et al., 2020). While this approach

is useful, it often neglects the complex combustion processes, including the formation pathways

of SOA precursors that are not necessarily present in the fuel in considerable amounts, or the

potential interactions of fuel properties that can affect emissions of these species. Roth et al.

(2020a) and Yang et al. (2019a) showed that match-blended ethanol fuels in low concentrations

with high levels of heavier aromatics will likely increase VOC precursor emissions from GDI

vehicles operated on the LA92 cycle, and subsequently SOA production due to the higher heat of

vaporization of ethanol, which will lead to cooling of the cylinder environment, slowing fuel

evaporation and increasing fuel impingement. Peng et al. (2017) also reported that gasoline fuels

with higher aromatic levels will increase VOC precursor emissions and contribute to higher SOA

production when they introduced the exhausts of PFI and GDI vehicles into an environmental

chamber. Different studies, however, utilizing higher ethanol blends have reported reductions in

SOA production from FFVs (Suarez-Bertoa et al., 2015b; Roth et al., 2020b; Gramsch et al., 2018;

Timonen et al., 2017). For example, Roth et al. (2020b) proposed that the oxygen content and the

dilution of aromatics in E30 and E78 blends were the dominant factors for the lower precursor

emissions and the reduced SOA formation from the aged emissions from two FFVs operated over

the LA92 cycle when introduced into an environmental chamber. Similarly, Timonen et al. (2017)
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found reductions in precursor emissions and SOA formation as the ethanol content increased from

E10 to E85 and E100 on an FFV operated over the New European Driving Cycle (NEDC) with

the use of a potential aerosol mass (PAM) reactor.

Similar to traditional large-volume chambers, oxidation flow reactors (OFRs) have been recently

employed as an alternative approach for the evaluation of real-time SOA formation (Kang et al.,

2007; Lambe et al., 2011). While numerous studies utilized OFRs to investigate SOA formation

from motor vehicles (Kuittinen et al., 2021; Cao et al., 2020; Simonen et al., 2019; Pieber et al.,

2018; Karjalainen et al., 2016; Zhao et al., 2018), there is only a single vehicle study using an OFR

that investigated the effects of ethanol blending on SOA formation (Timonen et al., 2017). The

purpose of this study is the transient characterization of the potential for secondary aerosol

formation from exhaust emitted by a modern PFI FFV fueled with two E10 fuels with different

aromatic contents and a E78 blend when operated over the LA92 and US06 cycles. This study also

reports the primary gaseous and particulate emissions, as well as the secondary aerosol formation

potential as a function of fuel type and driving conditions.

2. Experimental

2.1 Vehicle and driving cycles

A 2017 model year light-duty vehicle with a flex fuel 3.6-liter, 6-cylinder, naturally-aspirated

port fuel injection, spark ignition engine was employed in this study. The engine had a rated

horsepower of 283 hp at 6400 rpm, a torque of 260 ft-lbs. at 4400 rpm, and a compression ratio of

10.2:1. The vehicle was equipped with a three-way catalyst (TWC) and was certified under EPA

Tier 3 B110 or California ULEVII emissions standards.
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The vehicle was tested on each fuel over the LA92 and US06 cycles. The LA92 is a

dynamometer driving schedule for light-duty vehicles developed by the California Air Resources

Board (CARB). It consists of three phases or three bags representing cold-start, hot-running, and

hot-start driving conditions. Average emissions data were calculated by incorporating weighting

factors of 0.43, 1, and 0.43, respectively, for the representing cold-start, hot-running, and hot-start

LA92 phases. The LA92 has a total distance of 9.8 miles and an average speed of 24.6 miles/hr.

The US06 Supplemental Federal Test Procedure (SFTP or US06) was developed to reflect

aggressive, high speed, and high acceleration driving behavior. It has a total distance of 8.01 miles

with an average speed of 48.4 miles/hr. Testing on the LA92 cycle was performed as a cold-start,

while testing on the US06 was a hot-start with two back-to-back preconditioning US06 cycles to

ensure the engine was warmed up.

2.2 Test fuels

Three fuels were employed for this study that were manufactured and supplied by Gage

Products Company (Ferndale, MI). The baseline fuel was a US EPA Tier 3 E10 fuel (denoted as

E10) with total aromatics content of 28.1 vol %. A higher aromatic content E10 fuel (36.7 vol %)

was used to compare the impact of aromatics on primary emissions and aged PM (hereinafter

denoted as E10HA). The third fuel contained 78% of denatured ethanol (denoted as E78) and was

blended following the US EPA Tier 3 and the CARB certification requirements for E85 fuels. The

ethanol concentration of 78 vol % was selected to meet the ASTM D5798 Reid vapor pressure

(RVP) target. The composition of each compound family for the test fuels is shown in Figure 1,

while the main fuel properties are shown in Table SM1, Supplementary Material (SM).
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2.3 Emissions testing

Emissions measurements were conducted in CE-CERT’s Vehicle Emissions Research

Laboratory (VERL), on a Burke E. Porter 48-inch single-roll electric dynamometer. A Pierburg

Positive Displacement Pump-Constant Volume Sampling (PDP-CVS) system was used to obtain

standard bag measurements for total hydrocarbons (THC), carbon monoxide (CO), nitrogen oxides

(NOx), non-methane hydrocarbons (NMHC), and carbon dioxide (CO2). Gaseous emissions were

determined according to the US EPA protocols for light-duty emission testing as specified in the

Code of Federal Regulations (CFR), Title 40, Part 86. Cumulative tailpipe PM mass emissions

were measured following the procedures in 40 CFR 1065. Total particle number concentrations

were measured using a TSI 3776 ultrafine-Condensation Particle Counter (CPC) with a 2.5 nm cut

point. The instrument operated at a flowrate of 1.5 L/min. Solid particle number counts were

measured with the use of a catalytic stripper. The particles were counted downstream of the

catalytic stripper with a TSI 3776 ultrafine CPC at a flow rate of 1.5 L/min. An ejector diluter was

used to collect particle number samples from the CVS tunnel. Particle size distributions were

obtained using an Engine Exhaust Particle Sizer (EEPS) spectrometer. The EEPS (TSI 3090,

firmware version 8.0.0) was used to obtain real-time second-by-second size distributions between

5.6 to 560 nm. Particles were sampled at a flow rate of 10 L/min, which is considered to be high

enough to minimize diffusional losses.

2.4 Photooxidation experiments

Diluted exhaust (by dilution factors of ~200-350) from the vehicle was introduced into an

oxidation flow reactor, which was designed and developed by Tampere University (hereinafter

denoted as Tampere Secondary Aerosol Reactor or TSAR). More details about the TSAR are
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shown elsewhere (Kuittinen et al., 2021; Simonen et al., 2019; Simonen et al., 2017), while details

of the photooxidation setup are provided in SM. Briefly, the TSAR is an OFR254-type oxidation

flow reactor that consists of a residence time chamber, an oxidation reactor, an ozone (O3)

generator, and an expansion tube connecting the residence time chamber and oxidation reactor. It

was designed to measure potential secondary aerosol formation from rapidly changing emission

sources, such as vehicle exhaust, and it is characterized by nearly laminar flow conditions. The

vehicle exhaust combined with dilution by ozone and humidified air passes through the residence

time chamber where it is exposed to 254 nm UV radiation, producing OH radicals from ozone

photolysis. Precursors react with OH or O3 to produce lower volatility molecules that then transfer

to particle phase and produce secondary aerosol. The average photooxidation timescales (Table

SM2) varied between 6.3 to 7.4 days of atmospheric aging, which are within the timescales

previously found to simulate peak SOA formation (Kuittinen et al., 2021; Tkacik et al., 2014;

Ortega et al., 2016). The modeled OH exposure for all fuel/cycle combinations within TSAR are

shown in Figure SM1. The photooxidation and corresponding OH exposures were calculated with

a chemical reaction model considering CO suppression in the TSAR (Simonen et al. 2017).

Size-fractionated mass concentration of aerosols downstream of TSAR was measured by an

electrical low-pressure impactor (ELPI+, Dekati Ltd) at 1 Hz frequency while bulk composition

of the non-refractory aerosols (organic aerosols or OA, sulfate, nitrate, and ammonium) was

measured by a mini aerosol mass spectrometer, equipped with a compact time-of-flight detector

(mAMS, Aerodyne Research, Inc.), at 7-8 s intervals (Jayne et al., 2000; Vu et al., 2016). Given

the mass accuracy of < 20 ppm and mass resolution (i.e., m/Δm with m being the nominal m/z and

Δm the full- width at half-maximum) of ~1100, high-resolution analysis of raw spectra was carried

out using Wavemetrics Igor Pro. (Squirrel ToF-AMS analysis toolkit v. 1.60 with PIKA module
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1.20) to calculate the concentration of the inorganics (except ammonium), OA, and the main

families of OA (CxHy
+, CxHyO+, CxHyOz>1

+) (Bahreini et al., 2012b). Given the variable

concentration of CO2 in the vehicle exhaust, gas-phase background CO2 was subtracted from the

OA mass spectra using the measured gas-phase CO2 concentrations from the CVS and the

recommendation by Collier and Zhang, (2013). A composition-dependent collection efficiency

factor was used to correct for particle bounce on the vaporizer (Middlebrook et al., 2012).

Concentrations of the hydrocarbon-like OA (HOA) were estimated based on a modification to the

formula suggested by Ng et al. (2011) as outlined in Kuittinen et al. (2021), namely HOA∼ 13.4

× CC4H9
+, where CC4H9

+ is the concentration of the non-oxygenated, hydrocarbon-like ion at m/z

57. The remaining mass of OA was assigned as oxygenated and secondary OA (SOA).

3. Results and Discussion

3.1 Primary emissions over the LA92 and US06 cycles

Tailpipe gaseous and particulate emissions for the LA92 cycle are shown in Table 1. It was not

possible to estimate the weighted emissions of E10 fuel over the LA92 cycle due to a failure in the

chassis dynamometer controls during the hot-start phase (bag 3) of the LA92 cycle. However, fuel

comparison can be made based on the cold-start phase (bag 1) emissions of the LA92 cycle. While

difficult to paint a complete picture for the weighted LA92 results, cold-start phase showed higher

THC, NMHC, CO, and NOx emissions for both E10HA and E78 fuels by factors of 1.5-4.7 and

4.2-6.8, respectively, compared to E10. Consistent with previous studies of PFI and GDI vehicles,

THC, NMHC, and CO emissions will likely increase with higher aromatic content fuels (Zhu et

al., 2017; Karavalakis et al., 2015; Yang et al., 2019a; Yang et al., 2019c). Cold-start conditions

may have a significant impact on THC and NMHC emissions for fuels with high aromatics.

Aromatic hydrocarbons have slower vaporization rates than paraffins, olefins, and alcohols,
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resulting in higher concentrations of heavier aromatics in E10HA that will affect fuel volatility

(i.e., T80 and T90 values). This will cause incomplete evaporation during cold-start conditions,

leading to increased fuel impingement and higher formation of unburnt in-cylinder hydrocarbon

emissions. CO emissions also increased 4.7 times during cold-start for E10HA relative to E10 fuel,

similar to previous findings of PFI and GDI vehicles (Yang et al., 2019a; Zhu et al. 2017;

Karavalakis et al., 2015). The higher aromatic content of the E10HA fuel led to ~50% higher NOx

emissions during cold-start, although previous studies have reported mixed results with mostly not

statistically significant differences (Karavalakis et al., 2015; Yang et al., 2019a; Yang et al.,

2019c).

For the LA92 cycle, the use of E78 resulted in factors of 4.2-5.7 increase in THC, NMHC, and

CO emissions relative to E10 during the cold-phase. Previous works have also demonstrated higher

THC and CO emissions with higher ethanol blends (Karavalakis et al., 2012; Costagliola et al.,

2013; Suarez-Bertoa et al., 2015a; Iodice et al., 2016; Timonen et al., 2017). It is theorized that the

higher heat of vaporization of E78 possibly led to cooler conditions in the combustion chamber

and suppressed fuel evaporation. During cold-start conditions, more liquid fuel will likely be

trapped in the crevice, which would enhance THC emissions. Additionally, NOx emissions

increased significantly (factor of 6.8) for the cold-phase of LA92 on E78 compared to E10. Higher

NOx emissions with increasing ethanol content were also seen in previous studies of older PFI

vehicles (Durbin et al., 2007; Karavalakis et al., 2012; Costagliola et al., 2013).

The US06 cycle showed different trends than the LA92 cycle, exhibiting slight (<1% for

NMHC) to moderate (~15% for THC and CO and 27% for NOx) decreases in these emissions with

E10HA compared to E10 (Table 2). The impact of higher ethanol content was particularly

pronounced. Emissions of THC, NMHC, and CO decreased by 95%, 87%, and 33%, respectively,
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with E78 compared to E10. The reductions in THC, NMHC, and CO emissions were primarily

due to oxygen content of ethanol, which contributed to more oxygen in locally fuel-rich regions

and to more complete combustion (Catapano et al., 2016; Yang et al., 2019c). NOx emissions

showed some increase (30%) with E78 compared to E10 fuel, similar to LA92 cycle.

While no comparisons can be made between the PM mass and BC emissions for the E10 fuel

over the LA92 cycle, weighted PM mass and BC emission factors were reduced by 57% and 66%,

respectively, for E78 compared to E10HA (Table 1). For the LA92, total and solid particle number

emissions for E78 showed large reductions of 54% and 64% compared to E10, and reductions of

91% and 76% compared to E10HA, respectively. The E10HA fuel showed more than a factor of

5 and 1.5 higher total and solid particle number emissions, respectively, relative to E10. The ratios

of total particle number to solid particle number emissions were also increased for E10HA (7.89

for cold-start and 4.84 for weighted) compared to E10 (1.26 for cold-start and 1.38 for weighted)

and E78 (2.25 for cold-start and 1.76 for weighted). The results reported here for the LA92 agree

with other works demonstrating PM and particle number emissions reductions with higher ethanol

blends (Yang et al., 2019c; Karavalakis et al., 2014a; Maricq et al., 2012; Jin et al., 2017). These

reductions can be attributed to the higher oxygen content in the fuel, resulting in higher soot

oxidation rates by the induction of HO2 and OH free radicals, and the aromatics dilution hindering

the formation of soot precursors during combustion and lowering the rates of soot surface growth

via the hydrogen abstraction acetylene addition (HACA) mechanism (Khosousi et al., 2015;

Lemaire et al., 2010; Yang et al., 2019c).

For the US06, particulate emissions were higher than the LA92 as a result of the more

aggressive nature and the higher speeds and accelerations of the US06 cycle, which likely caused

inefficient fuel vaporization and diffusive combustion during these driving conditions (Table 2).
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For the US06 cycle, slight changes in BC emission factors (-3% to +13%) were observed for E78

compared to E10HA and E10 fuels, while total PM mass was increased by factors of 1.9-2.2 in

E78. In contrast to the PM mass, the use of E78 led to total and solid particle number emission

reductions by 84% and 19%, respectively, compared to E10. These findings likely suggest that the

higher combustion temperature E78 fuel (as denoted by the higher NOx emissions) led to higher

exhaust temperatures (not measured in this study), which probably led to desorption of carbon

material from the exhaust transfer system and the subsequent contamination of the PM filter. A

recent study has demonstrated that some degree of desorption would occur during aggressive

driving (and high exhaust temperatures) experienced in the US06 cycle (Yang et al., 2020).

Average number size distributions of the emitted particles for the LA92 and US06 cycles are

depicted in Figure 2. For the LA92, all fuels showed a dominant accumulation mode with a less

distinctive nucleation mode. Particle populations in the accumulation mode were higher for

E10HA and substantially lower for E78, consistent with the PM mass for these fuels over the

LA92. Particle size distribution for E10HA shifted towards larger diameter (~53 nm), while E10

and E78 peaked at around 34 nm and 30 nm, respectively. For the US06, particle size distributions

were decisively bimodal, with E10 showing higher particle populations in the nucleation mode

(~10 nm). Accumulation mode particles dominated the size distribution for E78, with sizes

centered at 60 nm compared to 70 nm for E10, particle populations similar to those of E10. It

should be noted that E78 particle sizing data over the US06 does not support the higher gravimetric

PM mass for this fuel compared to E10, suggesting that other mechanisms may have played a role

in PM mass emissions, including the possible desorption of contaminants in the CVS tunnel that

were released during the high temperature conditions over US06.
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3.2 Secondary and aged PM over the LA92 cycle

Figure 3 shows the transient aged PM, SOA, aerosol nitrate, NOx, and NMHC emissions over

the LA92 cycle for E10, E10HA, and E78 fuels. Note that non-refractory composition data from

mAMS are not available from E10 runs. Real-time primary PM emissions and sulfate and

ammonium ions over the LA92 are shown in Figure SM2 in SM. For all fuels, aged PM were seen

at least about two orders of magnitude higher than primary PM emissions during the entire duration

of LA92 cycle. When focusing on details of the time-resolved data, it was seen that the cold-start

and acceleration events had the strongest influence on aged PM formation. Both E10 fuels resulted

in higher concentrations and 5.7-8.1 times higher emission factors of aged PM relative to E78,

with E10HA showing more aged PM than E10 (Table SM3, SM). Thus, our findings are consistent

with previous studies of high ethanol blends (Timonen et al., 2017; Roth et al., 2020b; Suarez-

Bertoa et al., 2015; Gramsch et al., 2018), but show more clearly the crucial role of driving

conditions in the emissions of secondary aerosol precursors. Analogous to primary emissions, the

presence of the oxygen atom in ethanol and the dilution of aromatics were the main factors for the

reduced SOA formation. Ethanol promotes the formation of oxygenated species, such as

carboxylic, carbonyl, and low molecular-weight ester compounds, which can seldomly act as SOA

precursors. For example, this observation is supported by the results of a recent study that showed

an abundance of alcohol, aldehydes, ketones, and ester compounds in primary aerosol from the

exhaust of a GDI vehicle operated with E20 fuel over the LA92 cycle prior to irradiation in an

environmental chamber (Roth et al., 2020a).

SOA formation was significantly affected by the cold-start period of the LA92 cycle, especially

for E10HA fuel, which exhibited about 30 times more SOA mass during the first 200 seconds

compared to the second large spike for this fuel at around 400 seconds. The cold-start emission
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factor of SOA with E10HA was higher than E78 by factor of 11, as shown in Table SM3, SM. Our

results agree with previous studies reporting on the dominance of the cold-start period on SOA

formation from gasoline vehicles (Kuittinen et al., 2021; Karjalainen et al., 2016; Simonen et al.,

2019; Pieber et al., 2018; Zhao et al., 2018; Saliba et al., 2017; Roth et al., 2020b). The

substantially higher SOA mass for E10HA during cold-start was largely due to the presence of

heavier aromatics for this fuel, which likely generated more IVOCs and SVOCs. Previous studies

have proposed that IVOC emissions are important SOA precursors from gasoline vehicles

(Robinson et al., 2007; Gentner et al., 2017; Drozd et al., 2019; Peng et al., 2017). McCaffery et

al. (2020) showed that PFI FFVs when operated with alcohol fuels can be major contributors to

aromatic IVOC emissions, with lower emission rates as alcohol content increased in gasoline.

Aromatics are more difficult to evaporate during cold engine operation compared to other

hydrocarbons, resulting in more liquid fuel wetting in the cylinder walls and increased formation

of VOC precursors (Yang et al., 2019a). Roth et al. (2020b) demonstrated an important influence

of heavier aromatics with high DBEs on SOA formation from a gasoline vehicle over the LA92

cycle. Drozd and co-workers (2019) reported that BTEX compounds contribute to about 40% of

SOA formation from gasoline vehicles. Other studies have also shown the important contribution

of BTEX species on SOA formation (Roth et al., 2020a; Nordin et al., 2013; Gordon et al., 2014;

Timonen et al., 2017).

Overall, SOA formation was reduced significantly during the hot-running and hot-start phases

of LA92 (by 2 orders of magnitude for E10HA and 4 orders of magnitude for E78), and coincided

with the sharp acceleration events, as well as the tailpipe NMHC emissions. The higher SOA

formation during cold-start was primarily attributed to the TWC being below its light-off

temperature and therefore inefficient to oxidize SOA precursors (i.e., aromatic VOCs and other
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NMHCs), leading to their higher emissions. In addition, the inefficient TWC also contributed to

the semivolatile fraction of nanoparticles, which can act as seeds for further reactions in the TSAR,

resulting in enhanced SOA mass. For the hot-running and hot-start phases, the higher intake air

temperature, fuel temperature, and piston surface temperature aided improved fuel vaporization

and resulted in lower SOA precursors emissions, which were also more efficiently oxidized in the

TWC. Detailed composition of SOA (Figure 4) shows higher contribution from non-oxygenated

CxHy
+ and intermediately oxygenated CxHyO+ family of ions to OA compared to highly

oxygenated CxHyOz>1
+ (38-45% vs. 13-15%) during the cold-start phase of both E78 and E10HA

while during the hot-running and hot-start phases, the contribution of CxHyOz>1
+ was more

comparable to or even higher than those of the less oxygenated fragments (Figure 4). During the

cold-start phase, the contribution of each family of ions to OA was not significantly different

between E78 and E10HA, suggesting that given the oxidation extent of the exhaust, similar types

of OA functional groups were present in the SOA regardless of the fuel type. However, in the hot-

running and hot-start phases, contribution of the intermediately oxygenated family (CxHyO+) was

significantly lower with E78 compared to E10HA.

Consistent with previous studies, inorganic secondary aerosol in the form of ammonium nitrate

was found in elevated levels (Kuittinen et al., 2021; Vu et al., 2019; Roth et al., 2020a; Roth et al.,

2020b; Gordon et al., 2014; Link et al., 2017). Total weighted emission factor of NO3 was higher

for E10HA compared to E78 (1.62 mg/mile vs. 0.47 mg/mile) (Table SM3, SM). The much lower

NO3 emission factor observed for E78 is counterintuitive since higher NOx emissions were

observed for E78, especially during the cold-start phase. One possible explanation may be the

lower OH exposure during the cold-start and subsequently lower nitric acid production during E78

runs; however, we do not have an estimate of the OH exposure during the LA92 run with E10HA.
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Aerosol sulfate was found in much lower concentrations than nitrate and ammonium and was

associated with cold-start and vehicle accelerations (Table SM3, SM). For E78, it comprised

<0.2% of total secondary aerosol, as a consequence of the very low sulfur levels in the test fuels,

while with E10HA, its contribution increased to 1.1% during the cold-start. Sulfate emission factor

during the cold-start phase of LA92 on E10HA was 65 times higher than with E78. Furthermore,

its total weighted emission factor was 20 times higher with E10HA compared to E78.

3.3 Secondary and aged PM over the US06 cycle

Figure 5 shows the transient aged PM, SOA, aerosol nitrate, NOx, and NMHC emissions over

the US06 cycle for E10, E10HA, and E78 fuels. Real-time primary PM emissions and sulfate and

ammonium ions over the US06 cycles are shown in Figure SM3, SM. Similar to LA92, for E10

fuel, aged PM were seen at least two orders of magnitude higher than primary PM emissions during

the entire duration of the US06 cycle (comparison for E10HA fuel could not be carried out due to

lack of EEPS measurements). Compared to both E10 fuels, aged PM emission factors for E78 were

lower by 44-54%. When comparing the US06 and LA92, emission factors of aged PM compared

differently with the weighted emission factors of aged PM during LA92 cycle depending on the

fuel: emission factor of aged PM during US06 was comparable to that during LA92 on E10HA,

33% lower on E10, and a factor of 3.3 higher on E78. However, emission factors of aged PM on

US06 were consistently lower than during the cold-start phase of LA92 for each fuel.

For the US06 cycle and similar to LA92, E10HA led to more SOA formation followed by E10

and E78. Consistently, measured OA relative to emitted CO was highest with E10HA and lowest

with E78, as shown in Figure 6. Additionally, SOA emission factors on E10 were 50% lower than

on E10HA and 3.5 times higher than on E78. Compared to LA92, SOA emission factors were 13-

62% lower than the weighed SOA emission factors, with the largest difference observed for
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E10HA.  It is interesting to note that SOA formation was favored during acceleration events, with

lower SOA during periods with steady high speed and no rapid accelerations (i.e., ~200-300 sec

and ~350-480 sec). This was noticeable within the period of steady high-speed driving at ~300

seconds, where a rapid acceleration led to more NMHC emissions and SOA formation. The

E10HA fuel contained higher levels of BTEX and heavier aromatics than E10. Aromatic VOC

emissions were likely to occur during acceleration events and high-speed driving, which affected

SOA production. This is due to the fact that higher boiling point aromatics will require longer time

to evaporate, especially during the high speed and power conditions of the US06 when longer fuel

injection duration is demanded, resulting in higher precursor emissions. Assuming the relative

composition of the monoaromatics, naphthalenes, and naphtheno/olefin benzenes of the exhaust is

similar to those in the fuels, we can compare the SOA formation potential of these compounds

from using different fuels. In this exercise, contributions of other hydrocarbons from the fuel

(namely, paraffins, napththenes, olefins, and oxygenates) are ignored since the weighted carbon

number in each class was C2 to less than C8, making them on average too small in size and

insignificant for SOA formation. By scaling the literature-based SOA yield values of various

aromatic species (based on carbon number and compound class (Gentner et al., 2012)) with the

corresponding carbon weight fraction in the fuel, we estimated the corresponding weighted

cumulative SOA yield values for E78, E10, and E10HA to be 0.53, 2.96, and 3.87, respectively.

The yield values are dominated by C7-C10 monoaromatic species (Table SM4, SM). Although

these values do not necessarily reflect the actual SOA yield of the exhaust emissions, they support

the observation that SOA formations from E10 and E10HA are significantly higher than from E78.

In fact, because of the higher aromatic (C6-C12) content of E10HA, its cumulative SOA formation

potential is estimated to be 30% and factor of 7.3 higher than that of E10 and E78, respectively,
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assuming hydrocarbon emissions in the exhaust follow the same composition as the fuel itself

(Table SM4, SM). To a first approximation, the differences between the observed emission factors

of SOA for different fuels during US06 operation are consistent with this simple calculation: the

emission factor on E10HA was 51% and factor of 5.3 higher than E10 and E78, respectively.

Despite differences in the extent of SOA formation from these different fuels, and consistent with

the observations from the LA92 runs, the overall composition of OA was similar between US06

runs with different fuels (Figure SM4, SM).

Similar to LA92, nitrate emission factors decreased in US06 in the following order:

E10>E10HA>E78. However, for the US06, nitrate emission factors were higher than LA92 by

factors of 1.5 and 3.3 for E10HA and E78, respectively, despite slightly lower overall OH

exposures in US06 vs. LA92 runs on E78 (6.7 days vs. 7.0 days; OH exposure on E10HA for LA92

not available). This can be explained by the higher combustion temperature and the enhanced

generation of NOx emissions during the more dynamic driving of US06 as seen by about twice as

high NOx emissions on E10HA and E78 compared to LA92 (NOx emissions on US06 with E10

are not available), which favor secondary nitrate aerosol formation. For the E10 fuel, the emission

factor of NO3 was lower during US06 than LA92 by 33%. While nitrate aerosol was produced

throughout the entire duration of US06, large nitrate spikes were only seen during the sharp

accelerations of LA92 and during cold-start. For both cycles, nitrate aerosol was lower for E78,

suggesting that the introduction of higher ethanol blends in the light-duty vehicle market will

potentially result in nitrate aerosol reductions.

The use of E78 led to lower ammonium aerosol concentrations relative to both E10 fuels for

both US06 and LA92 cycles, indicating beneficial ethanol effects on inorganic aerosol formation.

Consistent with the trend for nitrate, ammonium aerosol concentrations were also higher for the
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US06 compared to LA92 on E10HA (by 56%) and E78 (by factor of 5.3). Ammonium nitrate

formation is usually favored by tailpipe ammonia (NH3) emissions formed in the TWC from NO

reduction by hydrogen produced from the water gas shift reaction of CO or via hydrocarbon steam

reforming (Link et al., 2017; Suarez-Bertoa et al., 2015b). NH3 emissions largely depend on rich-

fuel conditions, typical of accelerations and dynamic driving where elevated CO concentrations

also occur. Although NH3 emissions were not measured in this study, CO emission factors

correlated positively with that of ammonium for US06 (Figure SM5, SM). Similar findings were

reported by Link et al. (2017) when they tested gasoline vehicles using an OFR. Our results suggest

that ammonium nitrate production was primarily driven by NH3 emissions rather than NOx

emissions.

For the US06 cycle, aerosol sulfate mostly peaked during accelerations and high-speed driving

conditions. Similar to LA92, the use of the lowest sulfur content E78 fuel led to lowest

concentrations of sulfate. In fact, emission factor of aerosol sulfate during US06 using E78 was

half of those of either E10 fuels. Sulfate is usually sourced from fuel and lubricant oil sulfur

compounds stored in the TWC and eventually released as SO2 prompting the formation of sulfate

aerosol, especially during accelerations and high-speed conditions (Simonen et al., 2019;

Karjalainen et al., 2014). Thus, it is expected that more aerosol sulfate is generated during cold-

starts due to the partially evaporated fuel and lubricant oil components, and dynamic driving

conditions due to the higher fuel and lubricant oil consumption. This explains why sulfate emission

factors on E10HA were significantly (~80 times) higher during the cold-start phase of LA92 versus

US06, whereas the emission factor for the cold-start of LA92 on E10 was only 77% higher than

US06 on E10.
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4. Conclusions

This study examined the primary emissions and secondary aerosol formation potential from an

FFV equipped with a PFI gasoline engine when operated with two E10 fuels of different aromatic

contents and an E78 blend. Testing was conducted over the LA92 and US06 driving cycles using

a chassis dynamometer. Primary emission results showed mixed trends across the different fuels

and driving cycles. The use of E78 led to increases in THC, NMHC, CO, NOx emissions over the

LA92 compared to E10 fuels, but decreases in these pollutants over the US06. Particulate

emissions, including PM mass, BC, total and solid particle number showed reductions with E78

compared to E10 fuels for both cycles. An exception was seen for the PM mass with E78 over the

US06, which is believed to have been caused by the contamination of the exhaust transfer system

during aggressive driving and high exhaust temperature conditions.

Secondary aerosol formation potential measured with an oxidation flow reactor was strongly

dependent on cold-start conditions and especially during the first 200-300 seconds of the cycle.

Strong influence on the formation of secondary aerosol was also seen during the sharp acceleration

events of the LA92 and US06 cycles. The higher aromatics E10 fuel produced greater

concentrations of secondary aerosol compared to E10, whereas the E78 blend resulted in the least

secondary aerosol formation. Ammonium nitrate formation was elevated for both test cycles and

fuels, with the E78 blend leading to lower inorganic aerosol formation. Overall, this study showed

the beneficial effects on secondary aerosol forming potential by using high ethanol blends in

gasoline vehicles and the adverse effects of high aromatic content fuels on primary emissions and

secondary aerosol formation. The results reported here also revealed that during cold-start

operation fuel composition will likely play a key role on secondary aerosol production due to the

higher generation of secondary aerosol precursors at the tailpipe, and highlighted the importance
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of using transient conditions and time-resolved characterization in research focusing on secondary

aerosols linked with mobile sources.
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Figure 1: Fuel composition as a function of the major compound family
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Figure 2: Average particle number size distributions over the LA92 (left-hand side) and US06

(right-hand side) cycles
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Figure 3: Aged PM, SOA, nitrate, NOx, and NMHC concentration over the LA92 cycle with E10,

E10HA, and E78. For E10 fuel, only aged PM data is available over the cold-start and hot-running

phases. Subfigures show the first 300 seconds of the cold-start phase. Shown concentrations have

been corrected to represent tailpipe concentrations.
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Figure 4: Relative contribution of different ion families to total OA for the LA92 cycle, using E10HA and E78 fuels. P1 is the cold-2

start phase, and P2 and P3 are the hot-running and hot-start phases, respectively3

4
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Figure 5: Aged PM, SOA, nitrate, NOx, and NMHC concentration over the US06 cycle with E10,6

E10HA, and E78. Note that NMHC concentrations for E78 were multiplied by a factor of 10.7

Shown concentrations have been corrected to represent tailpipe concentrations.8

9
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Figure 6: Correlation between measured OA and emitted CO for US06 runs on E10HA, E10, and11

E78 fuels. Different symbols of similar color present data from duplicate runs. The dashed lines12

represent the extreme boundaries of the data13
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Table 1: Cold-start and weighted gaseous and particulate emissions over the LA92 cycle14

Emissions E10 E10HA E78
cold-start THC (g/mile) 0.42 1.94 2.33
weighted-THC (g/mile) - 0.12 0.14
cold-start-NMHC (g/mile) 0.39 1.82 2.07
weighted-NMHC (g/mile)  - 0.11 0.11
cold-start-CO (g/mile) 2.05 7.54 8.57
weighted-CO (g/mile) 1.21 0.89
cold-start-NOx (g/mile) 0.08 0.13 0.57
weighted -NOx (g/mile) - 0.03 0.05
cold-start-CO2 (g/mile) 884.7 854.7 794.1
weighted -CO2 (g/mile) - 490.96 471.20
PM mass (mg/mile) - 1.13 0.49
BC (mg/mile) - 0.36 0.12
cold-start-TPN (#/mile) 1.55E+13 8.36E+13 3.40E+12
TPN (#/mile) 1.03E+12 5.47E+12 4.77E+11
cold-start-SPN (#/mile) 1.23E+13 1.06E+13 1.51E+12
SPN (#/mile) 7.49E+11 1.13E+12 2.71E+11
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Table 2: Gaseous and particulate emissions over the US06 cycle17

Emissions E10 E10HA E78
THC (g/mile) 0.07 0.06 0.00
NMHC (g/mile) 0.04 0.04 0.01
CO (g/mile) 2.35 2.00 1.58
NOx (g/mile) 0.09 0.07 0.12
CO2 (g/mile) 342.13 328.69 325.17
PM mass (mg/mile) 2.99 2.56 5.61
BC (mg/mile) 0.41 0.47 0.46
TPN (#/mile) 7.17E+12 3.55E+05 1.16E+12
SPN (#/mile) 8.40E+11  - 6.84E+11
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