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Abstract. Gasoline vehicles have recently been pointed outmatics, naphthalene and methyl-naphthalenes. We conclude
as potentially the main source of anthropogenic secondaryhat approaches using only light aromatic precursors give an
organic aerosol (SOA) in megacities. However, there is a lackncomplete picture of the magnitude of SOA formation and
of laboratory studies to systematically investigate SOA for-the SOA composition from gasoline exhaust.

mation in real-world exhaust. In this study, SOA formation
from pure aromatic precursors, idling and cold start gasoline

exhaust from three passenger vehicles (EURO2-EURO4) |ntroduction

were investigated with photo-oxidation experiments in &6 m

smog chamber. The experiments were carried out down to atfhe formation mechanisms, magnitude and chemical compo-
mospherically relevant organic aerosol mass concentrationssition of secondary organic aerosol (SOA) are of importance
The characterization instruments included a high-resolutiorfor predicting future climate scenarios (Monks et al., 2009;
aerosol mass spectrometer and a proton transfer mass spe4allquist et al., 2009). There is a lack of knowledge about
trometer. It was found that gasoline exhaust readily formshow SOA affects public health, though the association be-
SOA with a signature aerosol mass spectrum similar to theween concentration of fine particles and mortality is stronger
oxidized organic aerosol that commonly dominates the or-in the summer (Nawrot et al., 2007), which is also when the
ganic aerosol mass spectra downwind of urban areas. AfteOA production is increased (Hallquist et al., 2009). SOA
a cumulative OH exposure o5 x 10°cm=2h, the formed s formed from low vapor pressure reaction products, which
SOA was 1-2 orders of magnitude higher than the primaryoriginate from gas-phase oxidation of volatile organic com-
OA emissions. The SOA mass spectrum from a relevant mixpounds (VOCs). De Gouw and Jimenez (2009) suggested
ture of traditional light aromatic precursors gafigs (mass  that SOA from urban sources may be the dominant source
fraction at m/z=43, approximately two times higher than of organic aerosol globally between3@nd 50 latitude.

to the gasoline SOA. However O:C and H:C ratios were Traditionally the VOCs responsible for the majority of
similar for the two cases. Classicabdy light aromatic  urban SOA formation have been assumed to be light aro-
precursors were responsible for up to 60% of the formedmatic hydrocarbons, which are hydrocarbons with one ben-
SOA, which is significantly higher than for diesel exhaust. zene ring, often with one or more alkyl groups (methyl, ethyl
Important candidates for additional precursors are higheror propyl), i.e., benzene g, toluene (G), xylenes and ethyl
order aromatic compounds such agp@nd G light aro-  benzene (g), and G and G aromatics (Odum et al., 1997).

Published by Copernicus Publications on behalf of the European Geosciences Union.



6102 E. Z. Nordin et al.: SOA formation from idling gasoline passenger vehicle emissions

Robinson et al. (2007) recognized intermediate-volatility line SOA may also be an important contributor to the early
organic compounds (IVOCs) and semi-volatility organic stages of atmospheric transformation of diesel soot. Aging of
compounds (SVOCs) as important sources for production okoot agglomerates strongly alters the optical and hygroscopic
ambient organic aerosol. Photo-oxidation experiments of exproperties of soot particles (Zhang et al., 2008; Pagels et al.,
haust from a diesel generator indicated that only a small frac2009a).
tion of the formed SOA originated from light aromatic pre- Odum et al. (1997) investigated the SOA formation from
cursors (Weitkamp et al., 2007). They also suggested thataporized gasoline and a large number of light aromatic hy-
IVOCs such as long-chain and branched alkanes could berocarbons occurring in reformulated gasoline. They showed
responsible for a large fraction of the SOA produced fromthat the SOA formation from vaporized whole gasoline can
diesel exhaust. However, recent smog chamber studies sudpe well approximated by the sum of the SOA formed from
gest that the SOA formation from modern diesel vehiclesthe single light aromatic precursors, but it should be men-
with functioning oxidation catalysts is very low (Chirico et tioned that the aerosol mass loadings in the study by Odum
al., 2010; Samy and Zielinska, 2010). et al. (2007) were very high compared to other studies (in-

Less attention has been paid to SOA formation from gaso-cluding ours), which affects the partitioning between the par-
line exhaust, although VOC emissions can be high duringticle and gas phase. However, the composition of real-world
cold starts, increasing with decreasing ambient temperaturegasoline exhaust differs from that of vaporized gasoline. For
At ambient temperatures below°Q the VOC emissions example, the fraction of light aromatics was found to be
from the start-up phase can be equivalent to thousands at1 % by mass in vaporized uncombusted gasoline and 13 %
driven kilometers; since the emissions during driving haveby mass in gasoline exhaust (Schauer et al., 2002). Impor-
been further reduced, this figure is most likely even highertant classes of compounds with relevance for SOA formation
for newer vehicles (Weilenmann et al., 2009). This is due topresent in gasoline exhaust but not in vaporized gasoline are
fuel condensing on the inner surface of the cylinder whenaldehydes and the complex unresolved mixture of IVOCs not
the engine temperature is low, causing a fuel-rich incompleteguantified with the gas chromatography — mass spectrometry
combustion, but also because the operation temperature ¢f5C-MS) techniques typically used (Schauer et al., 2002).
the oxidation catalyst is below its optimum range (Schifter Finally, benzene and naphthalene are enriched in the exhaust
et al., 2010). The legislative VOC emissions have been re+telative to the fuel (Elghawi et al., 2010).
duced by a factor of 3—4 from the EURO2 to EUROS legisla- Kleindienst et al. (2002) performed smog chamber experi-
tive limits. The composition of gasoline exhaust (for example ments using a gasoline exhaust surrogate mixture made from
VOC/NO ratio) varies strongly between gasoline vehicles gasoline fuel and organic additives relevant for the gasoline
within the same emission class (Clairotte et al., 2013). Theexhaust. From filter-based techniques they concluded that
emissions from passenger gasoline vehicles may also contain5—85 % of the SOA could be explained by-Cy light aro-
ammonia which is formed as a reaction product when NO ismatic compounds and suggested that the remaining fraction
reduced on catalytic surfaces in catalytic converters (Heelwas due to higher-order aromatics and cyclic and long-chain
et al., 2006; Kean et al., 2009). Gasoline exhaust containsilkenes.

a complex mixture of VOCs, nitrogen oxides (NQammo- There is a need for investigations of the role afCy
nia and particulate matter (PM) emissions. However, primarylight aromatics and additional precursors in the formation of
PM emissions are typically lower than for diesel exhaust.  gasoline SOA in real-world vehicles, particularly in the early

There is currently a debate of the relative proportions ofaging of gasoline exhaust where IVOCs may be of impor-
gasoline and diesel exhaust SOA production in the atmotance, as has been found for diesel generators (Weitkamp et
sphere. In arecent study in the Los Angeles basin in Califor-al., 2007) and wood smoke (Grieshop et al., 2009). There
nia, Bahreini et al. (2012) noted that diesel consumption wass also a need to define source signatures of gasoline SOA,
roughly halved on weekends, and they found a correspondfor example in terms of high-resolution aerosol mass spectra,
ing reduction in primary organic aerosol (POA) and Nt that can be used for source apportionment studies in ambient
no decrease in SOA that originated from fossil fuel com- air.
bustion. They concluded that gasoline exhaust is the main In this study, SOA formation of gasoline exhaust emis-
source of fossil SOA in the Los Angeles basin. This sug-sions from in-use Euro 2, Euro 3 and Euro 4 passenger ve-
gests that diesel exhaust may dominate the emissions of sobicles was investigated in a smog chamber setup. The aim of
particles in urban areas and gasoline exhaust may dominatis study was (1) to determine the fraction of the SOA from
the SOA formation. However, Gentner et al. (2012) charac-gasoline exhaust that can be explained by classigalCe
terized the organic aerosol formation potential of emissiondight aromatic precursors and (2) to investigate whether the
from diesel and gasoline vehicles based on the fuel composiehemical composition of the secondary aerosol from gasoline
tion. They concluded that diesel vehicles are responsible fowehicle exhaust can be simulated using only light aromatic
the majority of vehicle SOA but recognized both sources asprecursors. Better understanding of the magnitude and chem-
important. Thus there is a need for more studies especially oital composition of SOA from anthropogenic sources, like
the gasoline SOA composition and production rates. Gasogasoline vehicles, will give valuable information to climate
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modelers and also improve the knowledge of health risks that
are linked with air pollution in and downwind of urban envi-
ronments.

[PTR-MS]

- Salt seed

Pressl}rlzed__m generation|y | [Sampling for GC-MS
air 7

2 Methods Multiple| [ ‘ T A4ll
filter sets
2.1 Experimental setup feflon Chamber 3
2
i Lz 4
The photo-oxidation experiments were carried out in @6 m . 5 § Al .
(WxLxH, 21x1.5x1.8m) DuPont fluorinated ethy- Ee— S| P
lene propylene (FEP) Teflon chamber (Welch Fluorocarbon, =
USA), with a wall thickness of 125um; a smog chamber - T + b
setup of similar size is presented in Miracolo et al. (2011). 1 1sm
. . : H Steel Chamber ooling uni
For sampling and air exchange tr!,ree of the v?rtlcal sides _— . |
were each equipped with three %" and one %" Kynar fit- airout . 3m ‘

tings. The Teflon chamber was suspended inside a 22 m
alr-co'ndltloned. steel chamber. The steel chamber has beeplg_ 1. Schematic representation of the smog chamber and dilution
described previously by Pagels et al. (2009b). system, seen from above

Four banks positioned on opposite sides of the smog ' '
chamber, each consisting of five 100 W fluorescent black-
lights (Cleo performance 100-R, Phillips, the Netherlands)ing of the smog chamber are further described in the Supple-
were used to simulate the spectrum of the UV band in soyyent.
lar |rrad|at|0n: The light spectrum rapg?d from 320nm t0  Before each experiment the particle number concentration
380 nm, peaking at about 350 nm, which is similar to spectray s < 100 cnt3 and the particle volume concentration was
from several other smog chamber setups (Carter et al., 2005; g 1 yn cm~3. Blank UV exposure experiments, where fil-
Presto et al., 2005). The UV spectrum is shown in Fig. Sliered air was passed through the heated inlet with no exhaust
in the Supplement. The transmission of FEP at wavelengthg precursors added to the chamber, were performed to make
between 290 and 800 nm has been reported to be more thafyre that the cleaning procedure worked properly. The for-
90 % (Paulsen et al., 2005). To enhance the radiation unifory,ation of secondary organic aerosol wa$.1 pgnt3 and

mity and intensity in the chamber, the walls of the enclos-ihe formation of nitrate< 0.01 g nT3 during a typical 2 h

ing steel chamber were coated with reflective aluminum foil. 50k experiment.

The NG, photolysis rate during these experiments was de- The pressure difference between the inside of the smog

termined to 0.2 min*, by irradiating a mixture of N@and  chamber and the surrounding steel chamber was moni-

Os. o tored by a differential pressure sensor (ASP1400, Sensirion,
The temperature '”5_'de th? steel chamber was Contro”‘5‘@‘>Witzerland), to ensure that an overpressure was maintained

by a water-based cooling unit (model 602D 9.43kW, CIAT, anq |eaks into the chamber were avoided. The scanning mo-

France). This unit gave the means to control the temperaturgjjity particle sizer (SMPS) data, NO, NQOz, CO, chamber

at 22°C with a stability oft- 2°C. The temperature was mon- ry temperature and differential pressure were logged using

itored at the midpoint of the Teflon chamber as well as in theg cystom-made LabVIEW™ (National Instruments, USA)
space between the smog chamber and the outer steel chamgrogram.

ber. A schematic representation of the smog chamber setup
and inlet system is shown in Fig. 1. 2.2 \ehicles

Gasoline exhaust was injected to the smog chamber
through a heated inlet system using an ejector diluter (DI-Three gasoline-powered passenger vehicles were used in this
1000, Dekati Ltd, Finland) with an inlet nozzle modified to study, one Euro 2, one Euro 3 and one Euro 4 vehicle (see
achieve a primary dilution ratio of 1:4-5. The ejector was Supplement Table S1 for more information about the vehi-
supplied with pressurized air that was preheated to°C40 cles). All vehicles were driven in hormal use in between the
and filtered by gas-absorbing (NOB5Q, Os, organic acids) experiments. The vehicles were fueled with Swedish stan-
pellets (Triple blend makeup air media, Purafil, USA) and dard MK1 gasoline fuel with an octane rating of 95 (“sulfur
multiple sets of activated carbon and nano particle filtersfree” < 10 mg kg 1), which complies with latest EU standard
(CLEARPOINT, Beko, Germany). This filter configuration (EN 228). The fuel composition was analyzed with GC-MS
was used for all pressurized air applications to the chambeiin a similar way as the exhaust VOC samples as described in
The heated exhaust inlet system and cleaning and conditiorSect. 2.3.3. The mass fraction 0§-GZg light aromatics was

www.atmos-chem-phys.net/13/6101/2013/ Atmos. Chem. Phys., 13, 6 B11t§ 2013
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30%. The major oxidative additives used in this fuel were2.3.2 Measurement of inorganic gases
ethanol (5% by volume) and MTBE (1.2 % by weight). The

result of the fuel analysis is given in Table S3. The O concentration was monitored using a UV spec-
_ trophotometer (model 49i ozone analyzer, Thermo Scientific,
2.3 Instrumentation USA). The NO and N@ (NOy-NO) concentrations were

monitored by a N@ monitor (model CLD 700 AL, Eco
Physics, USA). The NQinstrument uses two measurement
chambers which gives a direct measurement of NO and an in-
direct NGO, measurement. The principle for measurement of
= . ) I~ NO; is converting NQ to NO by a molybdenum converter
R>=0.0335m) differential mobility analyzer (DMA) and at high temperature (37&); the converter also converts per-

a condensation particle counter (CPQ model 3010, TSIOxy acyl nitrates (PAN), HONO and nitric acid (HNto
Inc., USA), was used to monitor the size-resolved number . . X
: ; . NO. This gives an interference of the N®ignal (Gerboles
concentrations. A sheath flow/aerosol flow relationship of o .
4.9/0.7 d ¥ min—! was used for the measurements, and '[heet al,, 2003). The monitoring of£and NG was continuous

: ! throughout the experiment.
used size range was 10 to 600 nm. The particle volume con- CO, NO, and G were measured in the raw exhaust by

centration determined from the SMPS data was used as the .
.~ . a gas analyzer (model 350 XL, Testo, Germany) in selected
volume standard and as a reference value for determination . . .
. L experiments. The CO mixing ratio in the smog chamber was
of the collection efficiency of the aerosol mass spectrometryt

(AMS) data. The SMPS and AMS were size calibrated with ypicall.y below 1 ppm for thg idling experiments and about
polystyrene latex (PSL) spheres (80, 100, 240 and 350 nmE,3 ppm in the cold start experiment.

Duke Scientific Corp., USA) during the campaign.
The particle chemical composition was measured onlin

by means of a high-resolution time-of-flight aerosol mass . . .

The concentration of light aromatic compounds and other se-
spectrometer (HR-ToF-AMS, Aerodyne research Inc., USA). . .

lected VOCs were monitored using a proton transfer reac-

The instrument was equipped with a laser vaporizer to allow,. . .
detection of refractory black carbon (rBC; soot), a configura-tlon mass spectrometer (PTR-MS, lonicon Analytik GmbH,

tion known as the Soot-Particle Aerosol Mass SpectrometeAustrla), which allows real-time measurements of concentra-

(SP-AMS). The HR-ToF-AMS and SP-AMS are described in [|ons down to_the ppt range. Since the qua.drupole. version of
X . he PTR-MS instrument measures only with a unity resolu-
detail elsewhere (DeCarlo et al., 2006; Onasch et al., 2012). . : i
. : ion, different compounds with the same nominal mass can-
and briefly below. The aerosol is sampled through an aero- . . e
: . . : . not be distinguished. A detailed description of the PTR-MS
dynamic lens, which focuses sub-micrometer particles into

tight beam. The particle beam is modulated to obtain particlea-teChnlque is given by Lindinger et al. (1998) and de Gouw

; . . . . . . and Warneke (2007). The used volume mixing ratio calcula-
size-resolved information using the particle time-of-flight ;. " catibration procedures are described by Taipale et
(PToF) mode. After impaction on a heated (8@) tung- P y taip

sten vaporizer plate, under low pressurd Q puPa), the oper- al. (2008).
. A ' . ’ . VOC samples were collected on adsorbent tubes filled
ationally defined non-refractory particulate mass (NR-PM) is_ . :
. - ) Co with Tenax-TA and Carbopack-B and were analyzed in the
vaporized and ionized using electron ionization (70 eV). The

ions are subsequently analyzed through time-of-flight masslaboratory with GC-MS, using a thermal desorption instru-
spectrometr Ir?thesgex e)r/iments NRQPM is ex e(?ted to in—ment (Perkin-Elmer TurboMatrix 650, Waltham, USA) at-
b Y- b P tached to a gas chromatograph (Perkin-Elmer Clarus 600,

clude all PM components except rBC. The instrument WS- itham USA) with DB-5MS (60m, 0.25mm, 1 um) col-

operated in dual vaporizer mode, i.e., both laser and tungsteﬂmn and a mass selective detector (Perkin-Elmer Clarus

vaporizers were present. The laser vaporizer was turned %B50T Waltham USA). Typically, duplicate adsorbent tube
in 5 min periods every hour in most experiments, in order to ' ' ’ ' :
samples were collected before the UV lights were turned on

probe.rBC without interfering S|gn|f|cantly with the tu_ngstenRand at the end of the experiment. Thirteeg-Co light aro-
vaporizer data set. Data analysis was performed with IGO  atic compounds and selected alkanes were quantified
pro 6 (Wavemetrics, USA), SQUIRREL 1.51 and PIKA 1.1. b qu '

) GC-MS was the standard method for determining the mass
Elemental analysis (EA) was performed on V-mode data. The

fragmentation pattern and calibration factors suggested bconcentratlon of €-Cy light aromatic hydrocarbons. The

. . TR-MS was available in four experiments (11, 12, S1 and
Aiken et al. (2008) were used. Nitrate fragments were ex- - .

X -~ . P1) and was used for monitoring of time-resolved VOC con-

cluded from the elemental analysis. Gas-phase contributions

(e.q., Cq) to the detected signals were subtracted using ﬁl_centranons. The VOC levels showed good agreement be-

tered air measurements carried out in 5min periods severatween the methods (see Fig. S3in the Supplement for com-

) : . parison).
times in each experiment. Initial C10 and G1 light aromatics and naphthalene con-

centrations were estimated from the PTR-MS channels

2.3.1 Particle characterization instruments

A custom-built SMPS system {ndahl et al.,, 2008),
consisting of a Vienna-type (L=0.28m, 1R0.025m,

e2.3.3 Measurement of organic gas-phase compounds

Atmos. Chem. Phys., 13, 61056116 2013 www.atmos-chem-phys.net/13/6101/2013/
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mlz 135, 149 and 129, respectively, in experiments whenchamber, a total dilution ratio for the idling experiments of
the PTR-MS was available; similar measurements have pre30-120 was achieved, depending on the injection time of the
viously been performed by Jobson et al. (2010). exhaust. Additional NO typically had to be added after the
Cumulative OH radical exposures were estimated to allowexhaust injection to achieve a desired ratio between light aro-
investigation of the effect of atmospheric processing on thematics (LA) and NQ (ppbC ppb1). In four gasoline exhaust
aerosol MS composition data. The decay curvesgdi@ G experiments and the two precursor experiments (Table 2), a
aromatics from PTR-MS and 1,2,4-TMB from GC-MS were light aromatic-to-NQ ratio of around 50 ppbC pp3 was
fitted using a simple model to derive the OH concentrationused. In experiments 13 and 14, lower LA-to-N@atios of
as a function of time. In the case of using the PTR-MS data,13 and 7, respectively, were used. In experiment 4w@s
average OH reactivities based on the speciated GC-MS datadded to convert a major fraction of the emitted NO into
were used. OH exposures were typically within 15% whenNO,. The level of NO at the start of the experiments was

comparing analyses based og&hd G aromatics. 35-107 ppb. @was produced by a modified spark discharge
ozone generator (AM 3000-2, Ozone Technology, Sweden),
2.4 Experimental procedure using pure @ (medical grade, Air Liquid).

After exhaust injection and addition of NO orsCthere

Before the experiments the smog chamber was filled withwas a period of 30 to 60 min to allow mixing in the cham-
clean dry pressurized air (relative humidity 3-5 %). A nebu- ber and for characterization of the fresh exhaust composition.
lized water (Pro Analysi, Merck, Germany) solution of am- After this the UV lights were lit, which is referred to as time
monium sulfate (1 gdm?) (Merck, Germany) was utilized =0 throughout the paper. The length of the experiments
as condensation seeds to collect the formed low vapor preswvas 3—4 h.
sure reaction products. The nebulizer (Collison type, Topas
Gmbh, Germany) was operated by filtered pressurized aig-5 Data analysis
(8 bar). The aerosol particles were dried using a silica dif- .
fusion drier and passed througtP3i bipolar charger be- 2-5-1 Wallloss corrections
fore being introduced to the smog chamber. The salt seed
were injected for about 20—-30 min until a concentration of
15-20 pg n3 was accomplished, corresponding to an initial
number concentration of 20 000-25 000 particles&m

Two different idling cases were defined: (1) cold start: the

vehicle was startgq on site (after cold soaking:#c h) ‘f"”d. .work, a wall loss correction method based on AMS data was
the exhaust was injected to the smog chamber from first igni-

o A . . . "used (Hildebrandt et al., 2009). An assumption is made that
tion; and (2) idling: the vehicles were driven for about 3 min .

SN . . S VOCs do not condense on the chamber walls but are rather in
before injection, until an engine temperature of455°C

(Euro 2) was established. The ambient temperature was bee_quilibrium with particles deposited on the walls. The partic-

tween—5 and +3C during the campaign (Table S2 in the ulate sulfate seed is then cons_erved by the chamber syst_em.
Supplement). The wall-loss-corrected organic aerosol mass concentration

In the precursor experiments, m-xylene or a mixture of (Con (1))as a function of time is calculated by Eq. (1), by

- . multiplying the mass concentration of seed aerosol at the
three selected precursors was injected through evaporatm&1me when UV light was initiated((US (1 = 0)) with the ra-
see

from a glass flask purged with pressurized air. The precursorao between organic aerosoC&S (1)) and ammonium sul-

0, -
used :)/vere. toluene>(_99.5 % Merck, Germa}ny), m-xylene fate seed concentration§ s (1)) derived from AMS data.
(> 99 %, Sigma-Aldrich, USA) and 1,2,4-trimethylbenzene €SS (1 = 0) is derived from SMPS measurements, using a
(> 98 %, Alfa Aesar, Germany). 1,2,4-trimethylbenzene was ~see £1.769 3 F . . d S’OA
chosen because it is often the most abundantaf@matic pZ?g?jen'sitiesgofTﬁ Oérgr;'rr:;o{"zgn ncltnga;er:sn ectivelwe
in idling gasoline exhaust (Table S3 in the Supplement and! 129 “Ug  esp Y-

Schauer et al., 2002).

Rerosol particles suspended in a Teflon chamber may deposit
to the chamber walls (McMurry and Rader, 1985), due to
electrostatic forces and other deposition mechanisms, such
as sedimentation and diffusion. To be able to quantify the
SOA formation, wall losses have to be accounted for. In this

The target VOC concentration in the chamber for each CAR () _cus
gasoline exhaust experiment was established using PTR-M&0A (1) = CSUs (1) see =0 @)
see

(raw spectrum intensities of/z 93, 107, 121) sampling from
the smog chamber and a flame ionization detector (FID,This method also accounts for an increase in collection ef-
Model RS 53-T, Ratfisch, Germany), with a sampling line ficiency (CE) of the AMS, most likely due to decreased
heated to 100C, sampling from the raw exhaust. The total bounce when the seed particles become coated with SOA.
VOC concentration in the chamber (FID) was between 1 andA typical change in CE was from 0.25 for ammonium sul-
2.5ppm in the gasoline exhaust experiments. The length ofate before exhaust to 0.4 at the end of the experiment. AMS
the exhaust injection period was typically 5-15 min for idling and SMPS size distributions at the beginning and end of ex-
and 60s for cold start. Including the dilution in the Teflon periment 12 are given in Fig. S4. It should be pointed out

www.atmos-chem-phys.net/13/6101/2013/ Atmos. Chem. Phys., 13, 6 B11t§ 2013



6106 E. Z. Nordin et al.: SOA formation from idling gasoline passenger vehicle emissions

that uncertainties originating from wall loss correction are for each AMS fragment (e.gf43), the POA fraction was de-
likely small when comparing the experiments reported hereducted using the same assumptions as for whole POA de-
to each other. But there may be larger uncertainties when exscribed above. The correction was carried out for experi-
trapolating our results to other chambers and experimentaients |1 and S1, where the POA mass fraction was higher
conditions. Clearly wall loss correction methods merit fur- than 5%. The POA and particulate nitrates observed in these
ther investigation. Secondary sulfates may also form in theexperiments will be treated in more detail in future publica-
chamber from oxidation of S£) however, the sulfur con- tions.
tent of European gasoline fuel is extremely lowX0 ppm). The primary emissions from the Euro 2 vehicle were in-
To make sure that secondary sulfates did not bias the mearestigated in a separate experiment without condensation
surements, we carried out several nucleation experimentseeds. The emissions of primary particles were less than
with gasoline exhaust under conditions similar to the seede®0 particles cm® in the smog chamber at a dilution ratio
experiments. It was found that secondary sulfate formationof 1:36 for the idling gasoline emissions, indicating that
was 0.1-0.3 pug me. The resulting influence of the wall-loss- the concentration of primary particles (such as soot cores)
corrected SOA concentration is therefore less than 5% in evwere negligible compared to the seed aerose2q000—
ery experiment. 25000cnT3). Only in the cold start experiment (S1) was
The half-life of ammonium sulfate particles by mass in there a noticeable increase in the number concentration
experiments with no or negligible SOA formation was found (about 2000 cm?3) upon adding the exhaust to the cham-
to be~3h for the period starting when the UV lights were ber. Similarly, only in the cold start experiment was there
turned on, which makes quantitative experiments meaningful noticeable signal of rBC detected with the SP-AMS. The

up to about 4 h after UV has been turned on. mass concentration of rBC was estimated to be 1.5pgm
and < 0.3ugnt2 in the cold start and idling experiments,
2.5.2 Aerosol mass yield respectively.

The aerosol mass yield at time: is defined as the ratio be-
tween the wall-loss-corrected formed organic mass concené Results and discussion
tration divided by the mass concentration of reacted VOCs Sults ISCUSSI

(AHC), attimer (Eq. 2) (Odum etal., 1997). A summary of the results and conditions from six gasoline

Y — Csoa ) exhaust experiments and two precursor experiments is pre-
- AHC sented in Table 2. Photo-oxidation of gasoline exhaust forms
In the calculations presented in this papekclusively refers  SOA and ammonium nitrate. At the end of the experiments
to the end of the experiment. For the gasoline experiment§he formed SOAis 9-500 times higher than the emitted POA,
an apparent mass yield was calculated taking into accoun‘f"h'_Ch isin gharp contrast to dlesgl exhaust where the contri-
only C—Co alkyl-substituted light aromatics and benzene; Pution of primary PM often dominates over secondary PM
thus theAHC term only consists of these compoundsiCc ~ (Chirico et al., 2010). Experiment I1 had the highest con-
is the difference in light aromatics before and after an experfibution of POA, corresponding to 12% of the OA in the
iment measured by GC-MS. These apparent mass yields caf@mber at the end of the photo-oxidation experiment, while
then be compared with true mass yields from the pure prein €xperiments 12 and I3 the POA contribution was less than
cursor experiments carried out under similar conditions in0-5%. The POA most likely originates from organic com-
our chamber, to gain insight into the fraction of formed SOA Pounds with volatility low enough to condense onto the seed

that originated from g-Cg light aromatics. particles when the exhaust is cooled down after injection in
the smog chamber. The aerosol mass spectra of these pri-
2.5.3 Primary exhaust particles and subtraction of mary emissions were similar to diesel exhaust POA and the
primary organic aerosol hydrocarbon-like organic aerosol (HOA) found in urban ar-
eas.

Upon exhaust injection an immediate increase in OA was ob-

served in each experiment, after which a plateau was reache@.1 VOC composition and emissions

This fraction of OA is referred to as primary organic aerosol

(POA). The ratio of POA to sulfate seed and the POA com-The classical light aromatic precursorss{Cy) constituted
position were assumed to be constant throughout the expe80 % of the fuel by mass but only 10-15 % of the total VOC
iments. The POA/sulfate seed ratio is determined during aemissions in the gasoline exhaust, where the latter figure in-
5min period about 15min after exhaust injection to allow cludes methane (Table 1).

the exhaust to mix in the smog chamber. The estimated POA In Fig. 2 it is shown that the distribution of light aromatic
concentration at the end of the experiment was subtracte@®OA precursors depends on both vehicle type and operation
from the wall-loss-corrected organic concentrations to determode. In the cold start with the Euro 4 vehicle, the distri-
mine Csoa. When determining the fraction of organic mass bution of the light aromatics is similar to the distribution in
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Table 1. Initial experimental conditions.

Exp-ID Type Source Initial g-Co Initial NO Initial (NH4)2SOq  Total Relative
light aromatics  (ppb) (Mg W?) hydrocarbon®  humidity (%)b
(ppb) (ppm)

11 Idling Euro 2 303 33 10 2.4 10

12 Idling Euro 2 317 a7 18 25 7

13 Idling Euro 2 197 107 13 2.2 7

14 Idling Euro 3 123 26 15 1.0 8

15 Idling Euro 4 289 35 22 2.2 7

S1 Cold start Euro 4 402 47 6 ~1 3

P1 Precursor tol, m-xyl, 1.2.4-tmb 288 43 18 — 3

P2 Precursor m-xyl 250 38 19 - 3

2The total VOC concentration was measured before primary dilution.
b |nitial value
¢ The given NO value is after addition of{@o convert NO to N@; the initial NO concentration prior to addition of{Qvas 125 ppb.

the fuel. In the cold start experiment it is expected that the os- I Benzene (Cg)
VOC emissions may be well represented by vaporized fuel, 5 | Loene (@)
due to the low temperatures of the engine (Schifter et al., &~ G

2010). A more detailed analysis of the light aromatic content § 0.3

in the fuel and gasoline exhaust is presented in Table S3 in<

the Supplement. '
The distribution of light aromatics from the Euro 2 ve-

hicle was fairly repeatable under idling conditions (Fig. 2) |

and shows an even distribution between the-G light 00—

aromatics. The Euro 3 and Euro 4 vehicles when used un- e\fQ &

der idling showed a trend towards decreasing concentration < @Q@D ¢

with increasing molecular size. The benzene concentration

is strongly elevated in these idling experiments compared-ig. 2. The molar fraction of -Cy light aromatics (GC-MS) in

to the fuel content (benzene is regulated<td % by vol-  the exhaust, 3?/6(‘)”20'3 of the gasot”“? fuel “Zetd in tT?Lmeaggretmelnt

i ; : ; : campaign an measurements In a road tunne egreld et al.,

g:annezlennSaf?g:;n?)':Qelrzlilirgohae;r?rr?;tticl;l kce(?r/n?)l;i rt]zsfoi;mt?]téoga?; 2007). The whiskers in_dicatbl standard deviatiors() of repeated .

lyst (Bruehlmann et al., 2007). The enrichment of benzene ir}meallsurements. Legreid etal. (ZO%? onlyrr]neasur(:)d 1’2’3_1—1’“?’ the

the exhaust is also found in road tunnel emission measuret—loot;:l 0%1020 2?%?;,;&2? tnogle;t;rr? 2&? exrr?;llstt zra;:en;srgreergggtst e frac-

ments (Legreid et al., 2007). The distribution of light aro- o '

matics from the idling case represents the road tunnel data

reasonably well. _ _
The concentration of G and G light aromatics and portant G—Cg light aromatic precursors. The upper panels

naphthalene were assessed from the corresponding PTR-MZOW the mixing ratios of NO, Ngand G (left y-axis) and
channels f/z = 135, 149 and 129). This was done for the thg ratio of nitrate and OAltq sulfat'e seed (right y-§1X|s). The
Euro 2 vehicle at idling (I1and I2 experiments) and the cold middle panels show the mixing ratios for the most important

start experiment (S1) with the Euro 4 vehicle. The contribu-/I9Nt aromatic precursors and one photochemical gas-phase
tion in percent to the summed initial mixing ratio (ppb) of '€action product, obtained by PTR-MS. The PTR-MS chan-

Ce—Ci1 light aromatics and naphthalene was as follows: 4.6,1€!S correspond to toluene {Gn/z=93), G (m/z=107),
0.4% (ClO), 0.8<0.1% (Cll), and 1.1 0.1 % (naphtha— Cg (I’I’l/Z = 121), q_o (m/z = 135) aromatics and acetaldehyde

lene) for idling (11 and 12) and cold start, respectively. As (7/z=45). Inthe P1 experiment (Fig. 3b), toluene, m-xylene

shown the Go, C11 and naphthalene fraction is significantly (C8) and 1,2,4-trimethylbenzene {Cwere used as precur-
higher at idling compared to the cold start. sors. The lower panels show the H:C and O:C elemental

ratios of the formed SOA, derived from AMS data.
3.2 Formation of gasoline SOA The SOA formation is delayed 30-45 min after the lights
are turned on, corresponding to the time required to initiate
Figure 3a and b compare the temporal evolution for one repphotochemistry and for NO to be converted to N®ig. 3).
resentative gasoline experiment (12) and an experiment witiThe NO-to-NQ conversion, and thereby the formation of
a precursor mixture (P1) containing three of the most im-ozone and HQ, occurs slightly faster in the gasoline exhaust

0.2

Molar fracti

0.14
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Fig. 3. Time-resolved data from experiments(&) and P1(b). The upper panels show the mixing ratios of NO, Nahd G; (left y-axis)

and the mass ratio between SOA, nitrate and seed aerosol on the right y-axis. The middle panels represent the mixing ratio of light aromatics
(mlz 93: tolueneyn/z 107: Gg-aromaticsyn/z 121: Gy-aromaticsyn/z 135: G g-aromatics) and acetaldehyde/{ 45). The lower panels

feature the H: C and O: C ratios extracted from elemental analysis of organic aerosol in high-resolution AMS data. The UV lights were
turned on at time= 00:00. Missing data points are either due to internal calibration (PTR-MS), thermodenuder measurements (AMS) or
omitted on account of low mass loadings.

Table 2. Summary of the results and experimental conditions.

Exp.-ID  Initial LA to Formed Reacted LA Emitted POA Formed SOA  Apparentmass Formed NO

NOx ratio ozone  (G-Cgy) (Mg m3) (Mg m3) yield Y (g n3)
(ppbCppbit)  (ppb)  (ugnT?)

11 55 111 138 2.9 21 0.15 9

12 45 118 198 0.2 44 0.22 24

13 13 156 264 0.1 51 0.19 71

14 7 72 97 0.1 9 0.09 91

15 53 102 122 0.2 5 0.04 4

S1 64 98 205 0.6 12 0.06 <1

P1 49 86 462 - 53 0.12 2

P2 49 72 435 — 59 0.14 2
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Fig. 4. Chemically resolved wall-loss-corrected mass concentratlonxylene yield from Song et al. (2005), (scaled by 0.88 and assuming

(g m3) from AMS data from experiments I@), 13 (b) and P1

X a density of 1.4 g cm3) to fit the precursor experiments carried out
(). The ammonium sulfate seed has been subtracted. The reported yhis study. 11-15 represents idling, S1 cold start and P1-P2 the
ammonia is excess ammonia not bound to sulfate, thus 'nd'cat'v%recursor experiments.

of ammonium nitrate formation. Time =00:00 indicates the start
of the UV radiation. As an example for experiment 13, the non-

wall-loss-corrected SOA concentration at the end of the experi- h I d SOA . imil
ment was 25 pg mS and the wall-loss-corrected concentration was the wall-loss-correcte mass concentration was similar

51 ug m—3. (Ta.ble 2)

Formation of nitrate occurs only to a limited extent in the
precursor experiments (about 4 % of the total organics). The
nitrate formation in the precursor experiment is attributed to

experiment compared to the pure precursor experiment. Théormation of particle-phase organic nitrates, while the forma-
delay between ozone and SOA formation is shorter and theion of nitrate in the gasoline experiments can be attributed
SOA formation starts at a higher NO level in the idling gaso- to a mixture of ammonium nitrate and organic nitrates that
line exhaust experiment compared to the precursor expeivaries strongly between experiments. Information on the oc-
iment. These differences are attributed to the large grougurrence of organic and ammonium nitrate can be obtained
of additional VOCs (in addition to &-Cg light aromatics)  from the NOF/NOZr ion fragment ratio in the AMS. The
present in the gasoline exhaust compared to the pure precuyO™* / NO; ratio is substantially higher for SOA from light
sor experiment. aromatic precursors compared to ammonium nitrate (Sato et
The initial concentrations of £Co aromatics are all at  al., 2010). This analysis will be reported separately.
a similar level in the idling gasoline exhaust, while th&¢C ~ The ammonium nitrate is most likely formed by reactions
aromatics are present in much lower concentrations. The reof ammonia from the car exhaust and HN@rmed by re-
activity typically increases with increasing carbon number. actions in the smog chamber (originating from JOSOA
For example m-xylene and 1,2,4-trimethylbenzene are muchrom passenger vehicle emissions co-condenses with ammo-
more reactive than toluene. The sum of the concentration ohia and nitric acid as can be expected during atmospheric
reacted light aromatics §5Cy) is used for mass yield calcu-  processing of pollutants. The ammonium nitrate formation
lations, although the reacted fraction of benzene is small unincreased with increasing initial NQlevel, and thus in ex-
der the prevailing (atmospherically relevant) OH radical con-periment I3 the aerosol was dominated by nitrate.
centrations (1-% 10° cm=3), due to its low reactivity with
the OH radical. 3.3 SOA mass yield of gasoline exhaust and precursors
The O:C and H: C ratios were both similar for the gaso-
line exhaust and the precursor experimen®@ and~1.4, The apparent mass yieldl, is defined here as the ratio be-
respectively), throughout the experiments. Figure 4 showsween the mass concentration of formed secondary organic
the wall-loss-corrected mass concentration of SOA, nitrateaerosol,Csoa, and the mass concentration of reacted light
and excess ammonium for experiments 12 (a), I3 (b) and Plaromatic compounds ¢Cg), AHC (Eq. 2). By comparing
(c); the ammonium sulfate seed mass has been subtractethe apparent mass yields with the yields from the precursor
The reacted mass concentrations af~Cg light aromat-  experiments at a giveGspa, we can infer the contribution
ics were about two times higher for the precursor experi-from additional SOA precursors. The apparent mass yield
ment compared to the gasoline exhaust experiments. Stilfrom Cs—Cg light aromatics in the gasoline exhaust SOA

www.atmos-chem-phys.net/13/6101/2013/ Atmos. Chem. Phys., 13, 6 B11t§ 2013



6110 E. Z. Nordin et al.: SOA formation from idling gasoline passenger vehicle emissions

increases with increasing concentration of organic aerosol irC1p and G aromatics would be responsible for about 11 %
the smog chamber, as has been shown in several previowmnd 1 %, respectively, of the SOA formed. Additional candi-
studies for yields of single precursor systems (Cocker et al.dates as SOA precursors will be discussed in Sect. 3.4.
2001; Song et al., 2005; Ng et al., 2007; Hildebrandt et al., The fraction of emitted ¢ and G light aromatics and
2009). A one-product fit (Odum et al., 1997) to the idling naphthalene were all substantially lower in the cold start ex-
data is shown in Fig. 5. periment, which is consistent with the classicg-Cg aro-

Our precursor data agree well with m-xylene data frommatics being responsible for a larger fraction of the formed
Song et al. (2005) carried out under similar conditions (so-SOA in this case. Thus, SOA formation from cold start emis-
called classical photo-oxidation experiments); therefore wesions but not from idling could be well described by only
used their fit to extend the comparison between our precurincluding the G—Cg light aromatics.
sor and gasoline exhaust data towards lower mass concentra- Our gasoline exhaust experiments were carried out at rel-
tions. The mass yield for experiments P1 and P2 is 2—3 timestively high total VOC-to-NQ ratios. The ratios were 8-70
lower than some pure precursor experiments presented in th@n ppb VOC per ppb N§), compared te~7 for the precur-
literature (Hildebrandt et al., 2009; Ng et al., 2007). Thosesor experiments. This is higher than those found in gasoline
experiments with significantly higher yield have been per-exhaust emission tests and downwind urban areas, typically
formed using HO, as OH precursor. The experiments pre- 0.5-10 (Clairotte et al., 2013). However, still the NO path-
sented in this paper were performed without added OH preway for RQ, reactions strongly dominated in the first 45—
cursors. In the beginning of the experiments the formed per60 min of each experiment. It is important to note that SOA
oxy radicals (RQ) will predominantly react through the NO formation starts at a higher NO concentration in the gasoline
pathway, while in the later parts of the experiments the HO exhaust experiments compared to the pure precursor experi-
pathway will be of increasing importance. Simulations with ments. Particularly in experiment I3 (which started from the
the Master Chemical Mechanism version 3.2 (MCMv3.2) highest NO level), there is evidence for sustained SOA pro-
showed that the fraction reacting in the bigathway is about  duction at elevated NO (for example 10 pg#B80A formed
5-7% at 2 ppb NO. Light aromatics which react via the NO at NO> 20 ppb as shown in Fig. S6). So while a majority of
pathway are likely to form products that are too volatile to the SOA formation in the gasoline exhaust experiments may
end up in the particle phase, when oxidized at the OH radi-have occurred via the H{pathway, we suggest that gasoline
cal concentration used here (Ng et al. 2007), thus explainingexhaust may contain precursors (for example naphthalenes)
the observed delay in SOA formation. For the®4 “high that have a yield in the “high NOregime” that is larger than
NOy” experiments in the literature, NO was converted to that of, for example, m-xylene.

NO, within minutes. Thus SOA formation for that case and

in the case without added N@nay have been dominated by 3.4 Chemical composition of SOA

the HG, pathway throughout the majority of the experiment,

which may explain the higher yields found in these studies. High-resolution SOA mass spectra from experiments 12 and

According to the fits, the apparent mass yield of the gasoP1 are shown in Fig. 6. The AMS ion fragments have been
line exhaust from intermediate idling is about 1.7 times grouped into four families based on their carbon, hydrogen
higher than the yield of the pure precursors under the conand oxygen content. The dominating organitz peaks in
ditions in this study. Thus, about 1.7 times morge-Cg light SOA from gasoline exhaust ane/z 44 followed bym/z 43
aromatics have been reacted in the precursor experimeni&ig. 6 upper panel), while the reverse trend was found in the
to form the same mass concentration of SOA (Eq. 2). At aprecursor experiments (Fig. 6 lower panel).
low cumulative OH exposure of 8 10° the ratio was 1.9 The peaks aii/z 43 and 44 were dominated by 30"

(Fig. S5), consistent with an earlier onset of SOA formation and Cq fragments, respectively, for both the gasoline ex-
in gasoline exhaust compared to light aromatic precursors. lhaust and the precursor experiments. These two are the most
we assume that the reacteg-Cy aromatic precursors form abundant fragments in ambient oxygenated organic aerosol
the same amount of SOA in the complex mixture in the gaso{OOA). CO} is typically the main fragment for low-volatility

line exhaust as they do in the pure precursor experiments, thi©OA (LV-OOA), while in semi-volatile OOA (SV-O0A)
would indicate that about 60 % of the SOA in the gasoline ex-COj} and GH3O™ are of similar magnitude (Ng et al., 2010).
haust originates from §-Cg precursors and 40 % from addi-  The gasoline SOA mass spectrum (Fig. 6) shows strong
tional precursors (Fig. 5). The cold start experiment was arsimilarities to atmospheric observations of fresh OOA de-
exception as it falls essentially on the fit of the yield of pure tected in and downwind of urban areas, and gasoline SOA
precursors. may thus be an important contributor to SOA in these loca-

The percentages of the total reacted light aromatics in theaions as recently hypothesized from ambient data (Bahreini
idling gasoline exhaust were for each light aromatic on av-et al., 2012). Although SOA from many different sources
erage 0.9% benzene, 9.3% toluene, 29.18641.5% G, show similarities, a few differences compared to diesel ex-
17.2% Go, and 2.0% @;. Assuming that the ¢ and G haust SOA should be pointed out. For example, diesel SOA
light aromatics have similar yields as thg-Cg aromatics, (Chirico et al., 2010) has significant contributions from
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Fig. 6. Normalized high-resolution MS of OA at the end of gasoline exhaust experiment 12 and precursor mixture experiment P1 (toluene,
m-xylene, 1,2,4-TMB). The ion fragments detected have been grouped into four families: C containing only carbon; CH containing only
carbon and hydrogen; HO containing only oxygen and hydrogen; and CHO containing carbon, hydrogen and oxygen. The POA contribution
in experiment 12 was< 0.5 %.

hydrocarbon fragments in the,H5,1 series (for example Fig. 7b. The diagram depicts the molar ratios at the end of
CgH;r and QHZ{). The main hydrocarbon fragments in the each experiment. The H: C ratio varies between 1.2 and 1.55
gasoline SOA are insteacsB3 and GHZ, consistent with ~ and the O: C ratio 0.36 to 0.43 for the set of experiments, and
aromatic (and potentially also alkene) precursors that have &here is no systematic difference between gasoline exhaust
H/C ratio closer to 1. and pure precursor experiments in this aspect. A higher O: C
The organic mass fraction detectednal; 43 (f43) and  and lower H: C ratio represent a higher oxidation state. Aver-
mlz 44 (f44) from the AMS measurements at the end of eachage carbon oxidation (Q$ state can be estimated from the
experiment is shown in Fig. 7a. The figure also features theéD : C and H: C data (Kroll et al., 2011). The SOA produced
triangular boundary of atmospheric OOA observations intro-in these experiments have @&nging from-0.8 to-0.4,
duced by Ng et al. (2010). Photochemical aging in the atmo-similar to SV-OOA in the atmosphere. The diagonal red lines
sphere typically increases th4 in the organic spectra; a indicate oxidation states1, —0.5 and 0.
relatively high f44 indicates that the atmospheric aging pro- An important observation is that the idling gasoline ex-
cess is more progressed. haust and pure precursor experiments are clearly separated
The concept of the triangular space is formulated for at-in terms of theirfs3/ f44 relationship but not in terms of their
mospheric measurements of aged aerosols from multiple preQ : C vs. H: C relationship and the division of ion fragments
cursors and sources. Since gasoline exhaust SOA is a moigto four different families dependent on their composition.
complex mixture than SOA from pure precursors, it can beThis is not contradictory since:/z 44 and 43 only repre-
expected that gasoline SOA resembles atmospheric observaent a fraction of the organic MS, while the atomic ratios
tions better than SOA from pure precursors. It is also apparare calculated from the full spectra. A higher abundance of
ent that SOA from a relevant mixture of light aromatics is C2HzO™ (the main fragment at:/z 43 in these data) pulls
not able to adequately simulate the composition of the SOAthe O: C ratio towards 0.5 and the H: C ratio towards 1.5.
from early aging of gasoline exhaust. The remaining fraction of the precursor SOA mass spectrum
For one idling and one precursor experiment we have plot-compensates for this effect.
ted the f43 vs. fa4 relationship as a function of cumulative ~ The experimentally observefis, f44 values of SOA from
OH exposure. A cumulative OH exposure 0ka0cm—3h this study are compared with literature data for light aromatic
corresponds to 9 h of aging at a 24 h mean OH concentratiofprecursors in Fig. 8. The precursor experiments reported here
of 1 x 10°cm23. For the SOA in the idling experiment there are in general agreement with previous studies of SOA from
is an increase in botlfis3 and f44 with increasing OH expo- pure m-xylene and 1,3,5-TMB (Ng et al., 2010), both posi-
sure, while for the precursor mixture thfgs/ f44 relationship ~ tioned to the right of the triangular plot.
is little influenced. From literature values of the fragmentation patterns of
A van Krevelen diagram, showing the hydrogen-to-carbonthe dominating -Co light aromatic compounds, we cal-
(H:C) and oxygen-to-carbon (O:C) ratios is shown in culated the theoretically expected fragmentation pattern of
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o P1 formed from single precursors plotted together with the triangle
164 from Ng et al. (2010). Also plotted are expected values for 11-I5
. if only LA contributed to SOA formation, assuming superposition
of the mass spectra for single precursor SOA. For experiments |1
1.4+ . St (g, 1 and S1, a correction had to be made due to non-negligible POA
) + L contribution to OA. Thefs4 to f43 of SOA from precursors fea-
- B tured in the figure are retrieved from the following sources: ben-
1.2 zene (Ng et al., 2010), toluene (Chhabra et al., 2011), ethylbenzene
(Sato et al., 2010), m-xylene (experiment P2, this study), 1,2,4-
1.04 trimethylbenzene (derived from exp. P1) and naphthalene (Chhabra
/ etal., 2011). The results suggest no more than 60 % of SOA in 11-I5
/@ were due to @-Cg LA precursors, assuming that the MS of gaso-
0.8, ; ; ; ; ‘ line exhaust SOA can be estimated as a weighted mean of the MS
0.0 0.1 0.2 0.3 0.4 0.5 of SOA from single precursors. See Table S4 (in the Supplement)
o:C for more details about these calculations.

Fig. 7. (a) The mass fraction of organic signalatz 44 (f44) VS.

miz 43 (f43) at the end of each experimeify) H: C vs. O: C of . . . .
the OA at the end of each experiment. The triangular spaéa)in ments, but still substantially higher than that experimentally

indicates the range which covers the majority of atmospheric OOA‘COL|nd in the idling experiments. The small difference be-
observations (Ng et al., 2010). The diagonal linegtipindicate  tween the expectegs3 and the three-component precursor
estimated average carbon oxidation statés—0.5 and 0 (Krollet ~ Mixture used in our experiment (P1) is due to the Iy of
al., 2011). For experiments 13§ and P1 (o) the data are plotted €thyl benzene SOA and slightly higher toluene content in the
as a function of OH exposure. The cumulative OH exposure wasgasoline exhaust compared to experiment P1. From this anal-
8.5x 10P molecule cnthin 13 and 6.4« 10° moleculecn3hin  ysis we can put constraints on the magnitude and composi-
P1 at the end of the experiments. The first point in experiment 13tjion of SOA from the additional precursors discussed above.
correspoan to the time when SOA made~f0 % of the OA mass If we subtract the expecteghs and f4 fractions (based
concentration. on only G—Cg aromatics) from the SOA mass spectra at the
end of each gasoline exhaust experiment, it can be shown
that a maximum of 50—60 % of the SOA mass would come
the gasoline exhaust assuming that only tge@ light aro-  from light aromatics (Table S4 in the Supplement). At higher
matic compounds were contributing to the SOA. It was as-fractions of light aromatic precursors, thigs SOA value of
sumed that the fragmentation pattern of the mixed SOA couldhe unknown additional precursors would become below 0.
be determined as the weighted sum of the fragmentation patn contrast, for the cold start experiment, tiigy/ f44 rela-
terns of SOA from the individual precursors. The theoreti- tionship of SOA assuming onlyd=Cg precursors is almost
cally expectedfss and f14 values are also plotted in Fig. 8. identical to the experimentally found value, again supporting
The procedure and the literature data to this calculation arghe notion that the cold start emissions can be explained from
shown in more detail in the Supplement. essentially @ to Cg light aromatics only.
It is found (Fig. 8) that the theoretically expectgg for This indicates that the additional precursors are likely to
the gasoline exhaust experiments, calculated as describgatoduce SOA with lowfs3, to the left of the triangle in
above, is slightly lower than for the pure precursor experi-Fig. 8. Possible precursors for the non-light aromatic SOA
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that do produce SOA with low,3 are two-ring PAHs such ruled out that reactions with N§X(which is not effectively

as naphthalene (Fig. 8), which have been identified as imporphotolyzed by black lights) was contributing to SOA forma-

tant SOA precursors in aging of diesel exhaust (Chan et al.tion. However, the SOA yields of N§¥eactions, for example

2009). with most of the short alkenes ¢10) occurring in gasoline
Naphthalene has also previously been quantified in gasoexhaust, are expected to be lower than yields for light aromat-

line exhaust at similar proportions compared to the sum ofics. Finally, an additional potentially important effect could

Cs—Cy light aromatics (Schauer et al., 2002) as was foundbe that photo-oxidation of light aromatics in a more complex

in the idling experiments here. The mass yield from two- mixture, like gasoline exhaust, results in more complex re-

ring PAHs in low-NQ, and high-NQ photooxidation experi-  action products and SOA with different composition, and an

ments (Chan et al., 2009) is about two and four times greatealtered SOA yield compared to pure precursor experiments

respectively, than the mass yield from similar experiments(Song et al., 2007).

with m-xylene as precursor (Ng et al., 2007). This implies

that relatively low concentrations of PAHs can give a signifi- 3-5 SOA production factors

cant contribution to SOA formation.

We used our measured initial naphthalene concentratio?OA Production factors (PF) (g kd) are calculated us-
and the known OH reactivity to calculate the reacted con-Ng EQ. (3), where the numerator is the SOA concentration

3 . . .
centration of naphthalene, and assumed that the mass yiel#9 ™ °) and the denominator is the concentration of total

for naphthalene is three times higher than the yield for m-combusted carbon (Hg™). . is the carbon contentin fuel,
which is 0.85 (Kirchstetter et al., 1999). HC is the total hy-

xylene in our chamber under the conditions studied. We ) ) )
found that naphthalene could contribute with around 5 g drocarbons in the raw exhaust, BC is the black carbon emit-
ted and we assume that all organic carbon is emitted in gas

of the SOA mass in experiments 11 and I2. Results from
Schauer et al. (2002) suggested that the summed concentrBase-
tion of 1- and 2-methyl naph_tha!ene cogld be up to 150 % of pp = 1@([SOA]/([C02] 4 [COJ + [HC] + [BCD))we  (3)
the naphthalene concentration in gasoline exhaust, but those
were not measured in our experiments. If and when methyl-The SOA production factors ranged between 0.005
naphthalenes are present in such significant concentrationand 0.09 gkg! (0.005-0.05 at cumulative OH exposure
they would have to be considered as important SOA precur~5 x 10° cm~23 h) for the idling experiments; the PF for the
sors in the early aging of gasoline exhaust due to their higtcold start experiment was 0.48 gk Compared to emission
yield and OH reactivity (Chan et al., 2009). The result of factors from diesel passenger vehicles reported by Chirico et
superposition of SOA from light aromatic and naphthaleneal. (2010), the PF from the cold start is in the same range as
precursors in the “Ng triangle” would decrease the discrepthe PF from diesel vehicles with deactivated oxidation cat-
ancy in composition between expected and measured valueayst (0.254 to 0.461 gkd'). The PF from idling gasoline
for gasoline exhaust. vehicles is similar to or higher than that for diesel vehicles
As discussed above, we also estimated thatahd Gi with functioning catalyst (0.012-0.020 gkb (Chirico et
aromatics could together contribute to about 10-15 % of theal., 2010). Platt et al. (2012) have reported a SOA production
SOA in experiments |1 and I2. If the experiments had pro-factor of 0.345 g kg? for a single gasoline vehicle undergo-
ceeded to a higher cumulative OH exposure, it is likely thating the New European Driving Cycle (NEDC).
a larger fraction of the formed SOA would originate from It is important to note that the reported gasoline SOA pro-
Cs to Cg aromatics, since these occur in higher concentra-duction factors only relate to cold idling and cold start op-
tion but have a lower OH reactivity than the larger aromatic erating modes investigated for several vehicles (this study)
molecules, The shift towards highégis and f44 with in- and a single vehicle using a full driving cycle (Platt et al.
creasing cumulative OH exposure shown for experiment 132012). Clearly there is need for more data to systematically
is consistent with naphthalenes being a major contributor innvestigate a larger set of operating modes, engine types, and
the early phase of SOA formation in gasoline exhaust. exhaust after treatment systems at well-defined oxidant levels
In addition to the Gy and G1 light aromatics and naph- in parallel with field observations of gasoline SOA formation
thalenes, a minor part of the remaining SOA may possiblyin the atmosphere. The elevated emissions due to cold starts
be formed by other IVOCs such as phenols (that also proat reduced ambient temperatures will typically be accompa-
duce low f33 SOA (Chhabra et al., 2011)), aromatic aldehy- nied by lower OH concentrations in the atmosphere. So these
des, long-chain and branched alkanes and alkenes, and highgmissions will therefore contribute to SOA formation for a
reactive compounds (such as styrene). SOA from alkanetonger time period. The RH was around 5% in our study; it
is rich in G(Hv4+1) fragments, e.g.m/z =43, 57, 71, etc.  will also be important to investigate the effect of increased
(Miracolo et al., 2010). The SOA formed from gasoline ex- RH on gasoline exhaust SOA yield and composition.
haust had low contribution of these fragments, which sug- It should be pointed out that the results of this study, when
gests that alkanes are of minor importance as a SOA precucombined with the conclusions by Bahreini et al. (2012), are
sor in the gasoline exhaust experiments. It can also not baot fully consistent with the results of de Gouw et al. (2008).
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