Journal of Aerosol Science 171 (2023) 106159

Contents lists available at ScienceDirect

Journal Of AerOSOI Science AEROSOL SCIENCE

pssir : >
ELSEVIER journal homepage: www.elsevier.com/locate/jaerosci

L))

Check for

Photochemical transformation and secondary aerosol formation e
potential of Euro6 gasoline and diesel passenger car
exhaust emissions

Anni H. Hartikainen ?, Mika Ihalainen ®, Pasi Yli-Pirila ?, Liging Hao b
Miika Kortelainen , Simone M. Pieber ¢, Olli Sippula®®"

@ Department of Environmental and Biological Sciences, University of Eastern Finland, P.O. Box 1627, 70211, Kuopio, Finland

Y Department of Technical Physics, University of Eastern Finland, P.O. Box 1627, 70211, Kuopio, Finland

€ Empa — Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Air Pollution/Environmental Technology, 8600,
Diibendorf, Switzerland

4 AirUCI (Atmospheric Integrated Research), University of California, CA, 92697-2025, Irvine, USA

€ Department of Chemistry, University of Eastern Finland, P.O. Box 111, 80101, Joensuu, Finland

ARTICLE INFO ABSTRACT

Keywords: Traffic remains a major source of urban air pollution although emission regulations have led to
Secondary aerosol significant reductions in exhaust emissions of new vehicles. In this work the photochemical
Photochemistry

transformation of exhaust emissions from gasoline and diesel passenger vehicles compliant with
the current European ‘Euro6’ emission standard and operated with traditional and alternative
fuels was investigated using an environmental chamber. By assessing four different engine
operation conditions, we show that vehicle operation notably affects the exhaust composition and
secondary aerosol formation potential. For the gasoline vehicle, secondary aerosols dominate the
total particulate emissions. In contrast, we observe no substantial secondary aerosol formation for
exhaust emissions of a Euro6-level diesel vehicle. High engine load operation and cold start of the
gasoline vehicle led to 11-470-fold particulate mass enhancement, while for moderate driving
conditions the enhancement ratio was below 2. High aerosol enhancements also led to strong
increases in particle light absorption. The results underline the necessity for future directives to
include the emission components leading to secondary pollution, in addition to the freshly
emitted pollutants. The link observed between secondary organic aerosol (SOA) formation and
gaseous aromatic hydrocarbon emissions suggests that monitoring and limiting these gaseous
species can provide an indirect regulation for SOA. Additionally, ammonia released as a
byproduct of the gasoline vehicle is confirmed as an important precursor for secondary aerosols.

Passenger vehicles
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1. Introduction

Traffic is a major source of urban air particulate matter (PM) and gaseous pollution. The harmful effects of air pollution have been
abated by introduction of increasingly tightening regulations on gaseous and particle emissions of passenger vehicles(Hooftman et al.,
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2018; Wu et al., 2017). To comply with current emission regulations, gasoline exhaust gases are normally cleaned by three-way
catalysts (TWCs). The use of gasoline particulate filters (GPFs) for the reduction of particulate emissions is also becoming increas-
ingly popular. In modern diesel vehicles, nitrogen oxide (NOy) emissions are reduced using selective catalytic reduction (SCR), carbon
monoxide (CO) and hydrocarbons (HC) by diesel oxidation catalysts (DOCs), and PM emissions by diesel particle filters (DPFs)
(Suarez-Bertoa et al., 2020). The emissions from vehicles compliant with the currently enforced emission limits can be considered low
in comparison to emissions from older vehicles. Since 2015, European passenger vehicles need to comply with so-called Euro6-level
regulations, which are roughly equivalent to US Tier 3 or China 6 standards. However, certain driving conditions lead to momentarily
high pollutant concentrations. Exhaust emissions are typically high during cold start, when temperatures are low in the engine and in
the exhaust after-treatment system(Karjalainen et al., 2016; Kostenidou et al., 2021; Kuittinen, McCaffery, Peng, et al., 2021; Park
etal., 2021; Saliba et al., 2017). Additionally, vehicular emissions are significantly increased in high engine power conditions, such as
during acceleration or driving uphill and at high speeds (Kostenidou et al., 2021; Kuittinen, McCaffery, Peng, et al., 2021; Saliba et al.,
2017; Yang et al., 2020).

Once emitted, gaseous and particulate compounds are further altered by various atmospheric processes, including oxidation and
functionalization by hydroxyl (OH) and nitrate (NO3) radicals, ozone (O3), and photolysis(Heald & Kroll, 2020). These oxidation
processes lead to the formation of secondary PM in the atmosphere, including secondary organic aerosol (SOA) and secondary
inorganic aerosol (SIA). The contribution of engine exhausts to urban air secondary aerosols has been studied by several different
methodologies, including ambient air studies and well-defined laboratory experiments in environmental chambers, where the
transformation of the sample can be simulated at close to realistic atmospheric conditions, and oxidative flow reactors (OFRs), that
generally provide higher time resolution for the measurements of exhaust emission secondary aerosol formation potential(Chirico
et al., 2010; Karjalainen et al., 2016; Kuittinen, McCaffery, Peng, et al., 2021; Pieber et al., 2018; Timonen et al., 2017; Tkacik et al.,
2014). The previous studies highlight that the majority of PM emissions from passenger vehicles may be associated with secondary
formation. Aromatic hydrocarbons (ArHCs) have been identified as the major organic gaseous compounds (OGCs) acting as SOA
precursors in vehicular exhaust. For gasoline vehicles, SOA formation has been strongly linked with the aromatic content in fuel and
exhaust(Kuittinen, McCaffery, Zimmerman, et al., 2021; Peng et al., 2017; Pieber et al., 2018; Timonen et al., 2017). For diesel ve-
hicles, comparatively higher amount of fuel-derived SOA has been estimated to be formed by aliphatic precursors(Gentner et al.,
2017). In addition, organic emissions originating from motor lubrication oil, present often as long chain alkanes, can play an important
role in SOA formation for both diesel and gasoline exhausts (Canagaratna et al., 2010; Gentner et al., 2017; Zhao et al., 2017).
Furthermore, inorganic emissions, such as SO, NOy and NH3 may lead to SIA formation. Notable potential for SIA formation has been
reported for modern gasoline direct injection (GDI) vehicle exhaust, particularly when vehicles are operated under high power or
during acceleration events(Karjalainen et al., 2016; Kuittinen, McCaffery, Peng, et al., 2021; Link et al., 2017; Roth et al., 2020). This
has been linked with TWCs, which emit NH3 as a byproduct especially under fuel-rich driving conditions(Mejia-Centeno et al., 2007).
On the other hand, in diesel vehicles, SCR systems utilizing ammonia for NOy reduction can lead to NH3 emissions, and specific NHg
slip catalysts have been developed to counteract this problem(Guan et al., 2014; Suarez-Bertoa et al., 2020). Consequently, devel-
opment of vehicle technology and emission after-treatment techniques may notably alter the influence of passenger vehicles to sec-
ondary aerosol formation in ambient air. There is currently a clear lack of data on exhaust emission secondary aerosol potentials from
the Euro6-compliant modern vehicles. Further, there is a particular lack of secondary aerosol emission data concerning cold start and
prolonged high engine load conditions (e.g. uphill driving, high speed driving at highway), which are not represented in standardized
test cycles but may lead to specifically high secondary aerosol formation potential (e.g. Karjalainen et al., 2016; Kuittinen, McCaffery,
Peng, et al., 2021; Link et al., 2017; Timonen et al., 2017).

In this work, we investigated the photochemical transformation of emissions from Euro6-level gasoline and diesel passenger ve-
hicles in an environmental chamber. The main objective was to determine emission factors for secondary aerosol formation potential
under different driving conditions, particularly including cold start and high engine load conditions, and with different fuel refor-
mulations. Further, we aimed to clarify the usefulness of ArHC emissions as a proxy for SOA formation potential of Euro6-level
passenger vehicles. Finally, we evaluated the impact of photochemical atmospheric processes on the emission characteristics,
including particulate compositions and aerosol optical properties.

2. Materials and methods
2.1. Vehicle operation, fuels, and sampling

Experiments were conducted in the ILMARI combustion laboratory of the University of Eastern Finland (www.uef.fi/ilmari) using
Euro6-level rated passenger vehicles: a SEAT Arona EURO6b gasoline engine car equipped with a three-way catalytic converter and a
SEAT Ateca EURO 6d-temp diesel engine car equipped with an oxidizing catalytic converter, a DPF and an SCR. The experimental setup
is illustrated in Supplemental Figure S1.

The vehicles were operated by a chassis dynamometer (Rototest VPA-RX3 2WD) and run under four different conditions. The
driving conditions were 1) cold start and subsequent cruising at 70 km h™! (CSC70), 2) driving at 120 km h™! resembling typical
highway conditions (D120), 3) high engine load operation with an engine speed of 3000 rpm and a wheel power of approximately 40
kW (WP40 kW), and 4) at an engine speed of 5000 rpm and a wheel power of approximately 50 kW (WP50kW).

The engine conditions in D120 and WP40 kW resemble uphill driving scenarios, where the engine speed and the wheel power were
identical for the two vehicles. However, due to differences between the cars (transmission, mass, drag), the reached velocity and
representative hill steepness were different. Namely, D120 represents a 12% or a 6% hill climb for the gasoline and diesel vehicle,
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respectively, whereas WP40 kW represents a 12% hill climb at 67 km h™! or a 6% hill climb at 80 km h™? for the gasoline and diesel
vehicle, respectively. WP50kW is an engine condition typical for transient acceleration phases of class 3 modern cars in WLTP test
cycle. This setting was used only with the gasoline vehicle, for which it represents driving at 67 km h~! velocity and extra load equaling
to 1.6 m s~2 acceleration. As a steady state the driving condition for the used vehicle represents high velocity driving at 157 km h™?
velocity.

In the cold start experiments, the sampling to the chamber was started at the same time with the engine start, and stable velocity
was reached within 15 s from the start of the engine. The engine rested for at least 12 h before the cold start experiments. In the other
experiments, the engine was first warmed up at 3000 rpm and with 50 Nm load for 5 min, after which the driving parameters were
changed to those used in the experiment, and the engine was stabilized another 5 min before starting the sample input. The stabili-
zation was closely monitored by following the engine temperature and the primary emission concentrations in the exhaust gas. Further
information for the driving conditions is given in Table S1.

The diesel fuels used were 7% renewable biodiesel (B7) and 100% hydrotreated vegetable oil fuel (HVO). The gasoline fuels used
were commercially available ethanol-blend gasoline fuels (E5 and E10) and a reformulated gasoline fuel (RFG) with an alcohol content
of approximately 20%. Fuel changes were performed in an official workshop, where the fuel tank was emptied and cleaned between
the experiments on different fuels. Primary NO, CO, and CO2 concentrations were measured at the tailpipe by single gas analyzers
(Siemens), and the total gaseous hydrocarbon (THC) content was measured by a flame ionization detector (FID, Siemens). The gaseous
primary emissions were monitored by a Fourier transform infrared multicomponent gas analyzer (FTIR, Gasmet DX4000). A partial
flow of exhaust was sampled, prediluted and subsequently fed into an environmental chamber using a combination of a porous tube
diluter and an ejector diluter (Venacontra, Finland). The dilution was done using room-temperature air and controlled using CO5 as a
marker gas. The particle number in the diluted fresh exhaust was measured by a Fast Mobility Particle Sizer (FMPS, TSI Model 3091).

2.2. Aging procedure in the environmental chamber

A 29 m® Teflon environmental chamber (Leskinen et al., 2015) was operated in batch mode at a relative humidity of 55 + 5% and at
an ambient temperature of 23 + 2 °C. A 20 min stabilization period after sample injection allowed for mixing within the chamber and
analysis of the primary sample composition. After stabilization, 20-25 ppb of butanol-d9 was added to quantify the hydroxyl radical
(OH) exposure during subsequent atmospheric aging(Barmet et al., 2012). Hydrogen peroxide (H205) was added as a precursor for OH
radicals by passing clean air over 0.5 mL of Hy0, in a 30% H20 solution. THC/NO ratios in the fresh diesel exhaust were below 0.4
ppm C/ppm (Table S2), and atmospherically representative OGC/NOx ratios of 5 ppm C/ppm were reached by the addition of propene
to the chamber in the diesel vehicle experiments. For gasoline vehicle experiments, addition of propene was not required as the
THC/NO ratios in the fresh exhaust ranged 2-14 ppm C/ppm (Table S2), which are representative for typical urban air conditions. The
emission mixture was then photochemically aged for 4 h in the chamber under UV blacklights centered at a wavelength of 340 nm. The
OH exposures and the atmospheric equivalent ages as atmospheric equivalent hours (eqv.h; at ambient average OH mixing ratio 10°
cm’3) at the end of each experiment are given in Table S3.

Particulate wall losses were determined to be 0.001 min~! based on the decay of particulate mass in conditions where no formation
of new particulate mass or loss of, e.g., secondary NH4NO3 is expected.(Hao et al., 2011). The fates of the low-volatility organic
compounds (LVOCs) capable of irreversible condensation were assessed as provided in Supplementary Section S-2(Palm et al., 2016).
Absolute LVOC wall losses were at their minimum (2 x 10~ *s™1) directly after filling volume of the chamber. However, the relative
share of wall loss as LVOC fate decreased upon aging due to the increase in particulate condensation sink (CSpy;, Figure S2). Overall,
during the gasoline-engine experiments, more than 96% of LVOCs were estimated to have condensed onto the particles. For most of the
diesel-engine experiments, over 40% of the LVOCs remained in the gas phase due to the low CSpy;, while wall losses accounted for
approximately 10% of the LVOC fate by the end of experiment (Figures S3-S4). In these experiments, due to the low CSpys only a
fraction (23-77%) of the condensable organic species exists in the particulate phase, which constrains the quantification of secondary
aerosol emission factors of the diesel vehicle.

2.3. Aerosol measurements from the chamber

The composition of submicron PM was measured with a high-resolution soot particle aerosol mass time-of-flight spectrometer (SP-
AMS, Aerodyne Research Inc). Studied PM fractions included nonrefractory PM (organic aerosol (OA), NOs, SO4, and NH4) and re-
fractory light-absorbing PM, namely, refractory black carbon (rBC). In addition, the elemental composition of OA was analyzed,
including the determination of average organic carbon oxidation state (OS¢). Technical details of SP-AMS use are available in Sup-
plementary Section S-3.

The particle concentration and size distribution in the chamber were measured by two scanning mobility particle sizers (SMPS,
Model 3080, TSI): “long-SMPS” (DMA 3081, TSI) and “nano-SMPS” (DMA 3085, TSI), which were used to measure particle sizes in the
range of 14-661 nm and 2-64 nm, respectively. SMPS data were used to evaluate the evolution of particle size distributions (Figure S5)
and CSpy during the aging process, and for calculation of the geometric mean mobility diameter (GMD) and geometric standard
deviation (GSD) in the unimodal size distributions. PM mass concentrations were calculated from the long-SMPS size distributions
using estimated particle densities based on the aerosol composition measured by SP-AMS and chemical component-specific density
estimations as described in the Supplementary Section S-4.

PM light absorption was measured by using a seven-wavelength aethalometer (AE33, Magee Scientific). Optically derived
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equivalent black carbon (eBC) mass was calculated assuming a default mass absorption coefficient of 7.77 m? g’l for infrared (IR)
absorption at 880 nm. The absorption Angstrém exponents (AAEs) for the aerosol were determined based on absorption measurements
at wavelengths of 470 nm and 950 nm. These optical parameters were used to examine the changes in aerosol light absorption in
relation to photochemical aging.

Organic gaseous compounds (OGCs) were identified and quantified by a proton transfer reactor time-of-flight mass spectrometer
(PTR-ToF-MS; PTR-TOF 8000, Ionicon Analytik, Innsbruck, Austria)(Jordan et al., 2009) operated with H30™" as the primary ion; see
Supplementary Section S3 for technical details. The compound detection limit was set at three times the standard deviation when
measuring the chamber background.

OH exposure was assessed by online tracing of butanol-d9 by PTR-ToF-MS (Barmet et al., 2012). PTR-ToF-MS was not available for
the RFG experiments, for which the decay in butanol-d9 was assessed based on TD-GC-MS (TD: ATD400 Automatic Thermal
Desorption system, PerkinElmer, USA; GC-MS: GC 6890, MSD 5973, Hewlett-Packard, USA) measurements on desorption tubes
(Tenax TA/Carbograph 5TD, 200 mL/min, 15 min). TD-GC-MS samples were collected at the beginning and end of each experiment,
and linear exposure in the chamber was then assumed. O3, NO, NO,, and SO in the chamber were measured continuously in ppb level
by an UV photometric O3 analyzer (49i, Thermo Fisher Scientific Inc., MA, USA), a chemiluminescent NOy gas analyzer (42i, Thermo
Fisher Scientific Inc., MA, USA), and a pulsed fluorescence SO gas analyzer (43i, Thermo Fisher Scientific Inc., MA, USA).

3. Results and discussion

Emission factors (EFs) in the fresh and aged exhaust are presented in Figs. 1 and 2. Numeric values are available in Table S2 for
fresh exhaust and in Table S3 at OH exposure equivalent to 24 h of exposure in ambient air (0.86 x 10! molec. cm~3) and at the end of
the aging experiment.

3.1. Primary emissions from the diesel vehicle

For the diesel vehicle, SMPS-based EFs of primary particulate mass were below 0.01 mg km ™!, while the number of particles larger
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Fig. 1. Particulate emission factors, measured by SP-AMS, for the fresh (a) and aged exhausts at 24 h of atmospheric equivalent photochemical
exposure (b), and the EFs of secondary organic aerosol (SOA) together with the enhancement ratios (ER) of OA, i.e., the ratio of total OA at the end
of experiment to the primary (P) OA (in logarithmic scale) (c). SOA ER in WP50kW-10-2 cannot be determined due to POA emissions below
detection limit (below 0.09 mg km™). *in these diesel experiments, secondary EFs were below detection limits. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. ArHC emissions from a gasoline vehicle: the absolute ArHC emission factors and their relative share in the fresh (a) and aged exhaust at the
end of each experiment (b), and the SOA predicted to have formed from the observed species compared to the observed SOA formation (SOAps)
measured by the SP-AMS (c). (Secondary PTR-ToF-MS data are not available for WP40 kW-E10.). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

than 23 nm (PN23, including volatile particles) measured by FMPS from the tailpipe ranged from 1.3 to 3.5 x 10° km™!. An exception
was the WP40 kW experiment with B7, where the DPF was regenerated (‘WP40 kW-B7-regen.‘) during sampling, which led to a two
orders of magnitude increase in PM mass emissions. For the diesel experiments, primary particulate concentrations in the chamber
were below the detection limit for both SP-AMS and the aethalometer. Similarly, OGC concentrations in the fresh diesel exhaust
emissions were low compared to the gasoline vehicle: primary THC emissions measured by FID were in the range of 0.8-3.1 mg km !,
while ArHC were not detectable using the PTR-ToF-MS.

3.2. Primary emissions from the gasoline vehicle

The PN23 emission from the gasoline vehicle was two orders of magnitude higher than that for the DPF-equipped diesel vehicle.
This large difference was influenced by the absence of GPF in the gasoline vehicle in use. Among the studied conditions, the lowest
PN23 emission factor of the gasoline vehicle was observed for CSC70, with a higher PN23 for E5 (4.6 x 10 km™1) than RFG (2.6 x
102km™h). CSC70, however, emitted the most particulate mass due to the largest particle size: GMD (+GSD) was 89 nm (+1.8) for E5
gasoline and 79-80 (£1.9) for RFG. D120, WP40 kW, and WP50kW, on the other hand, emitted PN23 concentrations in the range of
4.7 x 10'%-1.2 x 103 km ™. The particles emitted under these conditions were, however, relatively small, with GMD (£GSD) values of
46-50 nm (+1.7), 42-51 nm (£+1.6-1.8), and 40-41 nm (£1.7-1.9), respectively. Consequently, the particulate mass emissions were
lower than those in CSC70. Particulate mass emission factors measured by SP-AMS ranged from 0.6 to 2.9 mg km ' (Fig. 1a, Table 52).
In all engine conditions with all gasoline fuels, the majority (over 85%) of primary particulate mass measured by SP-AMS was rBC,
while OA formed less than 10% of the particulate mass (except for WP40 kW operation with E10 gasoline) (Fig. 1a).

The optically derived eBC mass concentration was in good agreement with rBC for CSC70. For other conditions, the aethalometer-
based eBC was typically at least a factor of 1.5 higher than the mass of submicron rBC determined by SP-AMS. Such a discrepancy may
be due to the lowered collection efficiency of SP-AMS in the sub-50 nm size range as well as differences in the actual and default soot
mass absorption coefficients. The AAEs of the primary gasoline aerosol ranged from 1.15 to 1.29 with no discernible dependence on
experimental conditions.

Primary organic aerosol (POA) had in all cases O:C ratios of close to zero and H:C ratios of approximately 2, which indicates that
gasoline POA is composed of hydrocarbon-like OA(Ng et al., 2011). Such low O:C ratios have also previously been measured for
Euro5-level vehicles(Collier et al., 2015; Platt et al., 2013), while O:C ratios reported for GDI vehicles adhering to pre-Euro6 standards
have been typically slightly higher (in the range of 0.1-0.4(Nordin et al., 2013; Presto et al., 2014; Timonen et al., 2017)). The
observed elemental compositions support previous findings indicating that unburned motor oil can be an important contributor to POA
emission from GDI vehicles(Drozd et al., 2019; Worton et al., 2014; Zhao et al., 2017).

THC emissions measured from the tailpipe by FID were the highest for high power operation (155-165 mg C km™!), while D120
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emitted the lowest THC amounts among all gasoline vehicle experiments (below 10 mg C km ™). For CSC70, average THC emission was
16-19 mgC km L. However, it should be noted that for CSC70, the majority of the organic gases were emitted within the first few
minutes of driving from cold start, when the TWC was not yet fully operational (Figure S8). In this period, the emission of both gaseous
hydrocarbons and particulate matter were up to one order of magnitude higher than during the steady state operation, and, thus,
contributed excessively to the emissions.

The organic gaseous emissions in the E5 and E10 experiments were further analyzed from the PTR-ToF-MS data collected from the
chamber before the aging process was started. In total 82 ions were identified from the spectra with concentrations above detection
limit in at least one experiment (Table S4). Most of the detected compounds can be considered volatile organic compounds (VOCs). The
share of higher molecular weight intermediate-(I)VOCs (with saturation vapor pressure below 3 x 10° ug m~3), namely, C11- and C12-
aromatics, to the total ArHC was below 5% in all E5 experiments. The observed gaseous species were dominated by ArHC, as expected
based on previous assessments of vehicular OGC emissions(Liu et al., 2015; Peng et al., 2017; Pieber et al., 2018). The rest of the
quantified ions originated mainly from small carbonylic compounds, namely, m/z 45.03 (acetaldehyde) and m/z 59.05 (acetone/-
propanal), and small hydrocarbons, namely, m/z 43.06 (propene) and m/z 57.07 (butene). It should, however, be noted that while PTR
is a relatively soft ionization method, these small ion masses may also include fragmentation products from larger molecules. EFs of all
the observed OGCs are presented in Figure S9. Further, it is important to note that, for example, the long-chained alkanes that are likely
present in the exhaust emissions have too low protonation affinity to be detected by the PTR-ToF-MS.

The main aromatic compounds were similar in all experiments, namely, benzene, toluene, and xylene/ethylbenzene, although their
emission factors depended highly on the fuel and engine conditions. Fig. 2a reports the ArHC EFs for the gasoline vehicle as measured
in fresh exhaust per kilometer as well as their relative percentage over the total measured ArHC amount. For E5, the highest ArHC
emission was produced by high engine load operation (22 mg km ™! for WP40 kW, 42 mg km ™ for WP50kW), while CSC70 emitted 12
mg km™! and D120 emitted only 0.8-0.9 mg km . For high-power operation with E10, the emission factors were 3-6 mg km ! for
WP40 kW and 36-74 mg km™! for WP50kW. The shares of the observed compounds relative to total ArHC concentrations are
consistent with those previously measured for the exhaust emissions of Euro4-5 vehicles(Bahreini et al., 2012; Liu et al., 2015; Pieber
et al., 2018). High engine load operation, however, led to relatively higher shares of benzene compared to other operation modes.
Namely, benzene accounted for 40% or 50% of total ArHC EF for WP40 kW and WP50kW, respectively, compared to 14-17% in the
other conditions. This affects also the emitted toluene-to-benzene ratios, which are sometimes used for source apportionment in urban
air studies(Bahreini et al., 2012; Borbon et al., 2018; Halliday et al., 2016; Kerimray et al., 2020). The toluene-to-benzene ratios in the
fresh exhaust for WP40 kW, WP50kW, CSC70, and D120 with E5 gasoline were 0.6, 0.5, 1.8, and 1.2, respectively. The respective ratios
for E10 gasoline were 1.2 for WP40 kW and 0.5 for WP50kW. Overall, the observed ratios are relatively low compared to prior as-
sessments, which have resulted in a toluene-to-benzene ratios greater than 2 for fresh traffic emissions(Bahreini et al., 2012; Heeb
etal., 2000; Kumar et al., 2020; Liu et al., 2015). Thus, the low toluene-benzene ratios of new generation vehicle emissions should be
considered when using these ratios for the indication of emission sources or photochemical processing in ambient air.

3.3. Secondary particulate matter formation from diesel exhaust emissions

Only negligible secondary aerosol emissions were measured for the diesel vehicle, as expected based on the low THC emissions.
Secondary emission factors could be determined for CSC70 and for the DPF regeneration phase (Fig. 1b). For the other diesel ex-
periments, the low CSpy was similar as in the blank experiments due to the practically non-existent primary particle emissions
(Figure S2). This restrains the secondary particle formation, as consequently a major share of the LVOCs emitted or formed would
remain in the gas phase (Figure S4). However, even in the diesel experiments, at least one fifth of the LVOCs were estimated to
condense onto the particles. Because formation of SOA could not be observed, the LVOC concentrations must have been corre-
spondingly low (below roughly 50 pg km ™!, assuming that only one fifth of the LVOC condenses to particulate phase). In addition, the
low EFs of directly emitted secondary aerosol precursors confirm previous assessments of negligible secondary aerosol production from
DPF-equipped diesel passenger vehicles(Chirico et al., 2010; Platt et al., 2017; Zhao et al., 2017). On the other hand, new generation
Euro6-level diesel vehicles can notably influence atmospheric processes by, for example, altering the availability of NOy in ambient air,
which also impacts the SOA yields from aromatic precursors from other sources. As a consequence, the general reduction in NOy
emissions upon vehicle fleet renewal can lead to enhancements in the urban SOA production potential of precursors from other sources
(Gentner et al., 2017). NOy emissions emitted by the diesel vehicle (2-430 mg NO km~! in primary exhaust), however, remain sig-
nificant also with respect to the SIA formation potential of ambient air despite the strong reduction achieved via the SCR system
(Kostenidou et al., 2021).

3.4. Secondary particulate matter formation from gasoline exhaust emissions

Total particulate mass EFs in E5 exhaust increased during the 24-h atmospheric equivalent photochemical exposure up to 1.1-1.5
mg km ™!, 30 mg km ™!, 122 mg km ™!, and 119 mg km™! for D120, CSC70, WP40 kW, and WP50kW, respectively, underlining the
importance of high engine load conditions on secondary particulate matter potential of the vehicular emissions (Fig. 1b). Maximum
PM enhancement ratios (ERs, indicating the ratio between the total EFs after aging and primary aerosols) during the full photochemical
aging process were determined to be 1.9, 12, 470, and 130 for D120, CSC70, WP40 kW, and WP50kW, respectively. The large range for
the ERs complies with previously observed secondary formation in Euro5-level gasoline vehicles with different engine operation
conditions. In previous OFR studies of transient cycles, enhanced ERs have been noted for cold start periods and acceleration events
(Karjalainen et al., 2016; Kuittinen, McCaffery, Peng, et al., 2021; Link et al., 2017; Pieber et al., 2018; Timonen et al., 2017).
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Previously, modern gasoline passenger vehicles operated on standard testing cycles have been noted to induce ERs of roughly 1.5-15,
when averaged over the test cycles. Thus, the ER induced by the high engine power operation is drastically higher compared to
transient cycles, whereas the secondary aerosol potential in D120 is in the lower range compared to previous findings (Gramsch et al.,
2018; Karjalainen et al., 2016; Timonen et al., 2017).

High quantities of secondary particulate NH4NO3 were formed during photochemical aging of gasoline exhaust when the vehicle
was operated under high engine power and for CSC70 (Fig. 1b). The molar ratios of NO3 and NH4 measured by the SP-AMS were
identical (Figure S6), indicating that secondary NO3 was purely in inorganic form. The maximum SIA formation in terms of emission
factors was determined to be 277, 211, 25, and 0.4 mg km ™! for WP40 kW, WP50kW, CSC70, and D120, respectively. For RFG, no SIA
was observed in WP40 kW or D120. This can be explained by the low NH3 emissions from RFG in these driving conditions, since NH3
concentration was limiting the NH4NO3 formation in the chamber. In CSC70, however, both the NH3 emission and SIA formation
potential of RFG exhaust (maximum of 25 mg km™!) was similar to the gasoline fuels with lower alcohol content. NHj is formed as a
byproduct in gasoline vehicle three-way catalysts, particularly under high power operation (Table S2). Given the relative humidity (55
+ 5%) and temperature (23 + 2 °C) prevailing in the chamber, NH4NOj is expected to exist as solid particles. The generated NH3 was
converted to particulate NH4NO3 by the reaction with HNOs, which is formed from NOy during photochemical processing. It should be
noted that the vapor pressure of NH4NOj3 is very temperature dependent, and based on the Clausius-Clapeyron relationship the
maximum 2 °C increase in temperature during an experiment was sufficient to increase the vapor pressure by over 50%, causing
considerable evaporation especially in the RFG CSC70 experiments. Substantial formation of NH4NOs in urban traffic exhaust has been
previously noted by, e.g., Tkacik et al. (2014) and Link et al. (2017). Our results indicate that TWC-equipped vehicles can give rise to
locally high concentrations of NH4NOj3 and that they may upon further dilution or oxidation of gaseous components also act as a source
for NHs and HNOj pollutants when transported in the atmosphere.

The SOA formation potential of gasoline exhaust was highly dependent on engine operation: the SOA emission factors of E5
gasoline exhaust were determined to be 10, 10, 5.1, and 0.19-0.24 mg km ™! for WP40 kW, WP50kW, CSC70, and D120, respectively.
For reformulated gasoline, SOA EFs for WP40 kW and CSC70 were determined to be 0.7 and 6.1 mg km ™, respectively. The observed
SOA potentials are comparable with previously reported averaged SOA EFs from dynamic test cycles, with D120 being in the lower and
high engine power conditions in the upper range of the EFs reported for modern gasoline vehicles (Gordon et al., 2014; Kuittinen,
McCaffery, Peng, et al., 2021; Park et al., 2021; Peng et al., 2017; Pieber et al., 2018). The results highlight that prolonged high engine
load and cold start conditions can have a major importance on secondary organic aerosol generation of EURO6 gasoline cars. Under the
WP40 kW condition, the SOA EFs for E10 and RFG were lower than those measured for E5 gasoline, which might be influenced by the
higher alcohol contents in E10 and RFG fuels, as suggested by earlier studies (Gramsch et al., 2018; Kuittinen, McCaffery, Zimmerman,
etal., 2021; Timonen et al., 2017). However, in other conditions, the SOA EFs and the OA ERs (Fig. 1c) were similar for the RFG as for
traditional E5 and E10. Overall, no systematic effect of fuel reformulation could be observed in the secondary aerosol formation
potential. It should be noted that, in addition to the use of variable fuel reformulations, real-life driving also involves transient engine
conditions, whose effects on secondary aerosol formation are not assessed in this work, whereas this study includes a number of
different driving conditions under constant velocity and wheel load. Nevertheless, the selected driving conditions provide a large
variation in exhaust gas compositions to correlate the secondary aerosol formation potential with their precursor gases. Further, the
high engine load conditions are shown to induce high secondary aerosol potential, regardless of the fuel reformulation.

The rBC concentrations determined by SP-AMS increased slightly during aging. This is likely partly due to the growth of initially
sub-50nm sized particles to a more efficiently measured size range and partly due to the increased coating and compaction of the
initially agglomerated soot, which is linked with the enhanced collection efficiency of SP-AMS(Willis et al., 2014). Similar phenomena
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Fig. 3. Correlation of the primary ArHC EF to SOA EFs at the end of each experiment, with the straight lines displaying ArHC/SOA ratios of 0.2, 0.4,
and 0.8. Additional data from (*) Euro5-6 -level GDI vehicles with SOA sampled either from a smog chamber (SC) or downstream of an oxidation
flow reactor connected to the SC (OFR-from-SC) by Pieber et al. (2018) and (**) port gasoline injection (PFI) vehicle (China IV) after TWC, measured
using a SC, by Peng et al. (2017). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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have also been noted by others when aging gasoline exhaust with high SOA formation potential (Timonen et al., 2017).

Majority of secondary aerosol mass formation took place during the first 24 eqv.h. The temporal evolution of PM mass and chemical
compositions during photochemical aging is presented for each combination of fuel and driving condition in the Supplementary In-
formation, Figure S10. New particle formation via nucleation of the reactive gases was observed especially in the WP50kW and CSC70
exhaust, where a second size mode was formed within the first hour of photochemical exposure (Figure S5). New particle formation via
nucleation was evident in the smallest observed size ranges (sub-10 nm). Nucleation was also observed in the diesel and blank ex-
periments, where the primary particulate concentrations in the chamber were very low. For D120 exhaust, no new modes were
detected during aging. Instead, in this condition, the particle growth was driven by condensation of vapors on the existing particles,
whose GMD increased by a factor of 1.5 + 0.09.

3.5. Transformation of organic gaseous emissions

Fig. 2a and b shows the ArHC emission factors (mg km ') measured in the fresh and photochemically aged exhaust for the E5 and
E10 gasoline vehicle experiments. The photochemical decay of the ArHC observed by PTR-ToF-MS was generally in line with their
reported OH reactivities. The slowest decay in ArHC was observed for the high-power operating conditions due to the high relative
benzene content in the primary exhaust. There, the total ArHC decay was in the range of 30-40%. Under other conditions, the more
reactive xylene and C3-benzenes formed a higher portion of the ArHC emission factor, subsequently leading to higher total ArHC decay
(63-94%).

The formation of SOA was strongly related to the ArHC content in the fresh exhaust, as shown in Fig. 3. This analysis also includes
previously published EFs for Euro5-6 -level gasoline vehicles(Peng et al., 2017; Pieber et al., 2018). The ratio of SOA formation to the
decay in observed aromatic SOA precursors (AOA/AArHC) was 0.32 + 0.02 for highway driving, 0.65 for CSC70, and 1.1 for WP40
kW. These ratios resemble the AOA/AArHC previously observed for new generation passenger cars operated with different running
cycles, with the exception of the measurements of idling gasoline vehicle exhausts for which lower ratios have been measured(Liu
et al., 2015; Nordin et al., 2013; Pieber et al., 2018; Zhao et al., 2018).

In general, the effective SOA yields of ArHC depend especially on the composition of OGC emission, but are also influenced by the
overall exhaust composition, such as OGC/NOy ratio. A bottom-up estimation of SOA formation in E5 and E10 exhaust was performed
based on the decay of aromatic compounds and by applying literature SOA yields (in the range of 0.1-0.7 in ‘low-NOy‘ conditions; see
Table S4). On this basis, the majority of SOA formation predicted based on ArHC decay (SOApreq) was estimated to be derived from the
reaction products of xylene and toluene (Fig. 2c). For D120, the ratio SOAeq to SOA observed by SP-AMS (SOAgps) was 1.1-1.2; in
other words, all SOA formation from D120 can be explained by the observed decay of traditional aromatic precursors. For other driving
cycles, the fraction of unexplained SOAys is higher, with SOApeq-to-SOAps ratios of 0.47, 0.27, and 0.6 for CSC70, WP40 kW, and
WP50kW with E5 gasoline, respectively. This indicates that in high power engine conditions and in the cold start conditions, IVOCs
released from unburned lubrication oil may have played an important role in the SOA budget, as observed previously by Zhao et al.
(2017). These compounds include, for example, long chain aliphatic compounds, which have relatively low SOA yields compared to
aromatic precursors(Gordon et al., 2014). They can, however, contribute to SOA formation notably if their primary concentrations are
high. Furthermore, aromatic IVOCs likely present in the exhaust have significantly higher SOA yields than the lighter aromatics
observed by PTR-ToF-MS(Gordon et al., 2014; Zhao et al., 2016).

The exact oxidation and functionalization pathways, and, consequently, the resulting secondary aerosol formation potential of an
exhaust depend on the prevailing chemistry, such as the availability of the various oxidants, the OGC/NOxy ratio, and the available
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Krevelen space (c) in exhausts of the different gasoline fuels (indicated by marker type) and engine operation conditions (indicated by marker color).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



A.H. Hartikainen et al. Journal of Aerosol Science 171 (2023) 106159

surface area of particles that serve as condensation seeds for SOA formation. The conditions in the chamber can be generally
considered ‘low-NOy’ (except for the primary conditions in the cold start experiments; see Figure S11), which dictates the SOA yields
by altering the pathways for the peroxy radical reactions following the initial OH oxidation. When NO availability is limited, the SOA
yields for ArHC are typically higher than the case when high quantities of NO are available for the oxidation of the reaction products
(Hildebrandt et al., 2009; Ng et al., 2007). NOy saturated conditions have traditionally been considered to prevail in polluted ambient
air close to traffic. In future, technical improvements, such as the use of SCR for diesel vehicles and electrification of transport fleet, will
efficiently decrease the concentrations of NOy, which needs to be considered when estimating the SOA formation potential for urban
emission sources.

3.6. Effect of photochemical aging on particulate matter composition

Whereas SOA formation occurred mainly during the first hour, OS¢ continued to increase with an A H:C/A O:C -ratio of (—1.0) —
(—0.50) during the aging experiments (Fig. 4c). Most of the increase happened within the first 24 eqv.h alongside the majority of SOA
formation, due to SOA being more oxidized than organic carbon in the primary aerosol. The continuous increase in OS¢ was then likely
caused by heterogeneous oxidation of OA. The observed changes agree well with those observed previously for aromatic precursors (A
H:C/A O:C -ratios —0.87 to —0.45)(Lambe et al., 2011) and with ambient observations of OA transformation under photochemical
conditions(Ng et al., 2011).

The IR absorption of gasoline exhausts strongly increased during the aging experiments, roughly simultaneously with secondary
aerosol formation (Fig. 5). The increase in IR absorption was the most dominant in the conditions with highest secondary aerosol
formation, namely, under CSC70 and WP50kW conditions and WP40 kW with E5 fuel. The IR attenuation was below the aethalometer
detection limit for the diesel-engine experiments.

For E5 gasoline, the light absorption for WP40 kW and WP50kW exhaust particles increased relatively more in the infrared region
than at lower wavelengths, resulting in an AAE of 0.6 and 1.1 at 24 eqv.h, respectively (Figure S12). For CSC70, on the other hand, the
secondary AAE was 0.8 at the minimum but rose to 1.4 upon further aging. For D120, AAE and IR absorption remained stable as a result
of minor formation of secondary coating. The results agree with previously observed low AAEs in engine exhausts containing bimodal
particle size distributions (Helin et al., 2021).

Changes in IR absorption and AAE during photochemical aging of vehicular exhaust are expected, as the wavelength-dependent
light absorption can be considered to be governed by two aspects: i) optical lensing and ii) chemical changes. Assuming that the
secondary aerosol forms a spherical shell around the primary particle cores, the increase in the shell volume fraction impacts the
aerosol optical properties in accordance with Mie theory (Virkkula, 2021). The increase in AAE may also be due to the formation of
organic brown carbon, which absorbs light particularly at shorter wavelengths.

4. Conclusions

This study shows that secondary aerosols dominate the contribution of Euro6-level gasoline passenger vehicles to ambient air
particulate matter, agreeing with several previous secondary aerosol potential studies on modern gasoline car exhaust emissions (e.g.
Gordon et al., 2014; Pieber et al., 2018; Kuittinen, McCaffery, Peng, et al., 2021; Kuittinen et al., 2021; Timonen et al., 2017). Our
experiments indicate that cold start and prolonged high engine loads, such as uphill driving or high speed driving at highways, can
substantially increase both secondary organic aerosol and secondary inorganic aerosol formation potentials of gasoline passenger
vehicles. These conditions are typically not fully covered when studying the aging of exhaust from the standard driving cycles, and
special focus should be paid on those when assessing the impact of modern gasoline fleet on ambient air.

The relatively high SOA potential of the modern gasoline vehicle exhausts was largely related to the primary ArHC emissions. In
addition, substantial formation of secondary NH4NO3 can occur when high quantities of (currently unregulated) NH3 are emitted, as
shown here especially for high engine load operation. On the other hand, new diesel vehicles can be expected to lead to negligible SOA
formation due to the low organic primary emissions in the gas phase. Instead, the most notable air quality impact of diesel exhaust lies
in the substantial NOy emissions.

While there were large differences observed between gasoline and diesel exhaust, no systematic effects of gasoline fuel reformu-
lations on the secondary aerosol formation potentials were observed. The similarity of exhaust emissions and their secondary aerosol
formation potential between the different gasoline fuels with different alcohol contents may be due to similarities in the contents of
fuel aromatics, which are the major precursors for SOA. The results obtained from the reformulated fuels confirm that tailpipe gaseous
aromatic emissions are a reasonable proxy for estimating the SOA formation potential of Euro6 gasoline exhaust, although they did not
cover the full SOA potential in the cold start and high engine load conditions. Thus, SOA formation of gasoline vehicles could be
indirectly controlled by regulation of the gaseous aromatic species. Overall, future legislation aimed at automotive emissions should
focus on limiting the secondary aerosol formation potential of vehicular emissions, including both exhaust SOA precursors and NHs.

Finally, it remains critical to consider that the formation of secondary aerosols affects the optical properties of the exhaust
emissions, as observed in this study. This should be further studied to assess the climate effects of vehicular exhaust aerosols.
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