Pieber et al., Author Response to Co-Editor comments from June 1, 2018
Co-Editor Decision: Publish subject to minor revisions (review by editor) (01 Jun 2018) by Jacqui Hamilton.
Comments to the Author:

| am happy with the majority of the revisions and think the paper should be published subject to some final minor
revisions. AC: Please find our response below in blue font, text from the manuscript is provided in italics font.

Abstract: The wording of "may have resulted from diverse reasons including, apart from unaccounted precursors also
matrix effects." is unclear and should be rewritten. AC: The sentence reads now: “Remaining discrepancies, which
were lower in the SC and higher in the OFR, were up to a factor of 2 and may have resulted from diverse reasons
including unaccounted precursors and matrix effects. GPF-retrofitting significantly reduced primary PM through
removal of refractory eBC and partially removed the minor POA fraction.”

page4, line 5: | think you have an extra ) AC: There was an extra space which we removed.

page 9, line 16: change to "can cause significant" AC: This was adjusted.

page 14, line 7, change from "reduced" to "reduce" AC: We made this modification on page 14, line 27.
Page 15, line 26: space between with and UV AC: This was adjusted.

Page 19, line 11: What was dominated by XYL/EBENZ? Reactivity? AC: The sum of the reacted ArHC mass (delta
reacted species) was dominated by XYL/EBENZ, hence we have rewritten the statement to read as follows: “At the
final OH exposure of (1.4-5.8)x10™ molec cm™ s the reacted ArHC mass was dominated by XYL/EBENZ (41+3%),”

Page 20, line 1: This information would be very useful for others looking at similar emissions. Can you put in a table in
Sl rather than just the figure? AC: The data from OFR experiments conducted within our study as presented in Figure
6a,b were added in Table S8.

Table S8. OFR yields from this study as presented in Figure 6 in the main text.

Compound OA OA_err Ye Ye_err
pgm? pgm’ pgug’ pgug’
TOL
TOL 26 4 0.15 0.02
TOL 50 8 0.18 0.03
TOL 66 10 0.21 0.03
TOL 69 10 0.19 0.03
TOL 70 11 0.16 0.02
TOL 106 16 0.23 0.03
TOL 117 18 0.21 0.03
TOL 291 44 0.29 0.04
TOL 795 119 0.35 0.05
OXYL/TOL (3:1)
OXYL/TOL (3:1) 347 52 0.64 0.10
OXYL/TOL (3:1) 507 76 0.46 0.07
OXYL/TOL (3:1) 588 88 0.53 0.08
OXYL/TOL (3:1) 852 128 0.76 0.11
OXYL/TOL (10:1)
OXYL/TOL (10:1) 26 4 0.14 0.02
OXYL/TOL (10:1) 82 12 0.34 0.05
OXYL/TOL (10:1) 104 16 0.26 0.04
OXYL/TOL (10:1) 176 26 0.27 0.04
OXYL/TOL (10:1) 266 40 0.45 0.07
TMB/TOL (2:1)
TMB/TOL (2:1) 141 21 0.36 0.05
TMB/TOL (2:1) 192 29 0.29 0.04
TMB/TOL (2:1) 195 29 0.37 0.06
TMB/TOL (20:1)
TMB/TOL (20:1) 675 101 0.45 0.07
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Page 20, line 15. This sentence is difficult to understand. "did not suggest inducing any difference" AC: We have
removed this part of the phrase and kept only “At average it agreed by a factor of 1.0+0.3.”

Page 20, line 19: Not sure what you mean by "tendency H:C"? AC: We removed “by tendency”.

Page 21, line 3. | dont understand this sentence "we could match the vyields....." Please reword. AC: We have
rephrased this sentence, and have also adjusted the abstract and conclusions to agree with this as follows.

Main text:

e GDI vehicle exhaust effective SOA yields (SC and OFR) appeared relatively higher than our reference measurements
with specific SOA precursors, by up to a factor of 2, with larger discrepancies for the OFR and smaller discrepancies
for the SC. This is detailed further below (Figure 6a, Section 3.6.2).

“Effective yields of vehicle exhausts were in the range of those from single precursors, particularly, when considering
SC experiment, but with a higher discrepancy for the OFR experiments, Figure 6a). To explain the remaining
discrepancy, which was up to a factor 2, we focus on the following two hypotheses:”

Abstract: “Remaining discrepancies, which were smaller in the SC and larger in the OFR, were up to a factor of 2 and
may have resulted from diverse reasons including unaccounted precursors and matrix effects.”

Conclusions: “While a significant fraction of the SOA could be attributed to the identified precursors, divergences in the
effective SOA yields remained up to a factor of 2 when comparing to specific precursors.”

Page 22, section 3.7: Your explanation for the discrepnacy in the H:C doesn't make sense. Adding an OH to the ring
instead of a H doesn't change the H:C ratio. Surely this relates to the amount of ring opened versus ring closed
species. A very important but missing factor here is the amount of NO2 present. | assume NO2 is very high since
you've titrated the NO with ozone? Please discuss the amount of NO2 in the two systems. At high concentrations of
NO2, there will be more competition for the aromatic adduct between 02 and NO2. AC: In section 3.5 we stated that
NO2 can not be unambiguously quantified with our experimental set-up. However, from Figure 5 you can see that
NOy (an upper limit for NO,) is not much exceeding 100 ppb. This means that the reaction of NO, with the aromatic
OH-adduct would be less than 6% compared to O,. If the OH-adduct adds O, forming a peroxy radical this can
terminate via several path way: 1) reaction with NO to a nitrate (addition of 1 H atom compared to precursor); 2)
reaction with HO2 to a hydroperoxide (addition of 2 H atoms); 3) reaction with a RO, forming an alcohol (addition of 2
H atoms) or a carbonyl (no H addition). These pathways are again possible after each OH addition on a C=C double
bond of an oxidation product. As shown by Molteni et al. (2018), highly oxygenated low volatility products with 2 and
4 additional H-atoms can be formed this way. The main difference between SC and OFR is the significantly higher OH
concentration in the OFR (while exposure remains similar, at least at the lower UV exposure) and the higher NO
concentration in the SC. Both effects may influence the termination pathways of RO, as described above. More
information on HOx/ROx cycling in the SC and the OFR would be needed to make firm statements.

We replaced the old text: “This agreement did not apply for the H:C, however, for which the OFR yielded higher values
than the SC. Initially higher NO-levels in the SC and overall higher OH concentration in the OFR (leading to more than
one OH addition to the aromatic ring) as discussed in Section 3.6 could explain the observed trends. Further, we
speculate that reaction termination with HO, rather than RO, would also increase the H:C in the OFR relative to the
sc.”

It now reads: “This agreement did not apply for the H:C, however, for which the OFR yielded higher values than the SC.
Oxidation products with two more H-atoms than the precursor are formed when the aromatic-OH adduct adds an
oxygen molecule and the peroxy radical then terminates by a reaction with HO, or RO,. If the oxidation product
contains a C=C double bond, this reaction sequence can be repeated leaving a second generation oxidation product
with four additional H-atoms. The formation of highly oxygenated low volatility products with 2 and 4 additional H-
atoms under high OH concentrations has been shown by Molteni et al. (2018). The higher NO-levels in the SC and the
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higher peroxy radical concentration in the OFR are critical to which termination pathways of the peroxy radical occur.
For example, an enhanced reaction termination with HO, rather than RO, would increase the H:C in the OFR relative to

the SC.”

Figure 5: | cant really see the colour of the NO3 and NH4 circles as the lines are too think. Can this be modified. AC:

This was adjusted, see Figure below, the figure caption remains as is.
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Gas phase composition and secondary organic aerosfdrmation
from standard and particle filter-retrofitted gasoline direct injection
vehicles investigated in a batch and flow reactor
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Abstract. Gasoline direct injection (GDI) vehicles have mbe been identified as a significant source ofbcaraceous
aerosol, of both primary and secondary origin. Heednvestigated primary emissions and secondaggric aerosol (SOA)
from four GDI vehicles, two of which were also ddtited with a prototype gasoline particle filteaBRF). We studied two
driving test cycles under cold- and hot-engine éos. Emissions were characterized by protonsfemreaction time-of-
flight mass spectrometry (gaseous non-methane mwrgampounds, NMOCSs), aerosol mass spectromethyifsaron non-
refractory particles), and light attenuation meaments (equivalent black carbon (eBC) determinaiging Aethalometers)
together with supporting instrumentation. Atmospherocessing was simulated using the PSI mobilegsohamber (SC)
and the potential aerosol mass oxidation flow @a@®FR). Overall, primary and secondary particilatatter (PM) and
NMOC emissions were dominated by the engine cadt,ste. before thermal activation of the catalyaiter-treatment
system. Trends in the SOA O:C for OFR and SC wetated to different OH exposures, but divergenceshe H:C
remained unexplained. SOA vyields agreed within g@rpental variability between the two systems, wathiendency for
higher values in the OFR than in the SC (or, viessa, lower values in the SC). A few aromatic coomus dominated the
NMOC emissions, primarily benzene, toluene, xylemners/ethylbenzene and C3-benzenes. A signifitaotion of the
SOA was explained by those compounds, based on arisop of effective SOA vyield curves with thosetofuene,o-
xylene and 1,2,4-trimethylbenzene determined in@ER, and others from literature. Remaining disarepes{which were
lewer smallerin the SCandbiggerlargerin the OFR),-but werap to a factor of 2erthe-OFR)andmay have resulted from
diverse reasons includipgpart-fremunaccounted precurserdse andnatrix effects. GPF-retrofitting significantly neced
primary PM through removal of refractory eBC andtipdly removed the minor POA fraction. At cold-gkd conditions it

did not affect hydrocarbon emission factors, re@tthemical composition of NMOCs, or SOA formatiangd likewise did



SOA yields and bulk composition remain unaffectddnce, GPF-induced effects at hot-engine condititeserve attention

in further studies.
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List of selected abbreviations/definitions

AMS =
ArHC =
catGPF =
cE =

cW =
eBC =
EDC =
FID =
GDI =
GPF =
hE =
hw =
NMHC =
NMOC =
OFR =

OFR-from-SC =

Online OFR =
PCFE =
Ph1=
Ph2-4 =

POA =
PTR-TOF-MS =
sC=

SOA =

WLTC =

Aerosol mass spectrometer

Aromatic hydrocarbons (including functidizad aromatic hydrocarbons)

Catalytically active gasoline particleefi

Cold-started EDC vehicle test

Cold-started WLTC vehicle test

Equivalent black carbon, as determined bthAlometer measurements

European Driving Cycle (previously knowntlas “New European Driving Cycle”)

Flame ionization detector

Gasoline direct injection vehicle

Gasoline particle filter

Hot-started EDC vehicle test

Hot-started WLTC vehicle test

Non-methane hydrocarbons, i.e. gaseousnicgammpounds (hydrocarbons) as measured by FID
Non-methane organic compounds, i.e. gasemanic compounds as measured by PTR-ToF-MS
Oxidation flow reactor (a potential aerasalss, PAM, reactor)

Also referred to as “batch OFR”, O¢dttinuously sampling from a batch sample previouosllected in
the SC

OFR deployed online during a drivaygle, connected directly to diluted exhaust

Particle count filtration efficiency

First phase of WLTC, Ph 1 (cW) refersittst fohase of cold-started WLTC

Second to fourth phase of WLTC, Ph 2W)(cefers to the ¥ to 4" phase of cold-started WLTC, these
are quasi-hot engine conditions

Primary organic aerosol

Proton transfer reaction time-oftflignass spectrometer

Smog chamber

Secondary organic aerosol

World-wide light duty test cycle
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1 Introduction

Vehicular emissions are a significant source of @itlution in many urban areas (Platt et al., 2@btter et al.,

2014;Babhreini et al., 2012;Borbon et al., 2013;Mxyal., 2014;Worton et al., 2014;Gentner et al17)0Depending on
vehicle fleet technology, emissions may includee fiparticulate matter (PM), consisting mainly of soizron primary

organic aerosol (POA) and black carbon (BC), arattiee gases such as nitrogen oxides ,)Nsdid organic compounds.
(Note that we refer to organic gas phase compoasdsn-methane organic compounds, NMOCs. Measutsrbgiproton

transfer reaction mass spectrometry are also egfeld as NMOCs herein. Instead, when referring @asarements by
flame-ionization technique, we use the term nonhawe¢ hydrocarbons, NMHCs.)

Human health is known to be impacted by ,Ngissions, the associated ozong) (formation, and by fine PM
emitted from combustion processes. Fine PM permstéd¢ep into the human body and can damage lwwget{&unzi et al.,
2015), and likewise the brain (Calderon-Garciduesnas Villarreal-Rios, 2017). Therefore, numerouategies have been
developed to decrease PM and ,Nédnissions from on-road vehicles, including optirtima of engine settings and
implementation of after-treatment systems. Examplesuch systems are oxidation catalysts that mgidjas phase
pollutants (CO, NMOC), three-way-catalysts (TWC}) fmsoline on-road vehicles and selective catatgtiuction (SCR)
systems for heavy duty diesel engines and largeebmssenger cars, which convert,N@issions to Nand Q.

Historically, diesel-fueled vehicles have been gggped as a significant source of BC (Bond et 2004).
Accordingly, the use of older-generation dieselielels may be restricted in cities and catalyzed-B#Eipped diesel
vehicles are subject to stringent primary PM limite achieve those, they are equipped with bothefliexidation catalysts
(DOCs) and diesel particle filters (DPFs), whictvéndrapping efficiencies for refractory materialugf to 99% (Gordon et
al., 2013a). Due to the regulatory attention ane ithproved after-treatment systems, diesel PM eamissfrom new
generation vehicles have been greatly reducedflaatimodernization can reduce their burden inghwient air further.
However, NQ emissions from diesel vehicles have not been addteas successfully and remain a topic of deleage (
Barrett et al., 2015;Wang et al., 2016;di Rattaane Perotti, 2017).

In contrast, gasoline light-duty vehicles have ntlgebeen engineered towards better fuel econontyraduced

carbon dioxide (Cg emissions to satisfy regulations aimed at miligatclimate change (Karjalainen et al., 2014).

However, recent research indicates that some ofnitbods used to attain these emission goals,dmgusmaller engines,
leaner combustion, and gasoline direct injectio®jGystems mimicking the lower fuel consumptiord atecreased CO

emission factors of diesel vehicles, lead to aneiase in the primary carbonaceous emissions, edlyeBC (Karjalainen et

| Feldfunktion gesindert
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2014) formed on the gasoline TWC. These emissioesaleased predominantly at engine start-up, wizalytic after-
treatment systems are still cold, and during acatte and deceleration (Platt et al., 2017;Gen¢texl., 2017).

Regarding PM abatement automobile manufacturere hraecently considered equipping gasoline light-duty
vehicles with gasoline particulate filters (GPRs}he light of increasingly stringent legislatiofsrst results are promising
(Chan et al., 2014;Demuynck, 20X7zerwinski et al., 2017). Although GPFs are likidybe similarly effective as DPFs in
reducing primary PM such as POA and BC, recentarebeindicates that the dominant fraction of thtaltBM from modern
gasoline vehicles is secondary (Platt et al., 20T et al., 2013;Nordin et al., 2013;Gordon ef 2014;Gordon et al.,
2013b;Gentner et al., 2017). Dominant secondargispenclude secondary organic aerosol (SOA) (Hiloet al., 2009)
and ammonium nitrate (NfNIOs), which are formed by the reaction of emitted moethane organic compounds (NMOCs)
and NQ in presence of N§ respectively, with atmospheric oxidants such gdrdxyl radicals (OH). The gaseous
precursors leading to secondary aerosol are uwlidcebe removed by GPF systems alone. Laborat@yitseof the GPF
effect on NMOC emissions and the associated SOmdtion are, however, missing.

Detailed investigations of SOA formation are tyflic@erformed in smog chambers (SC), where thetechigjases
are oxidized in batch-style experiments lastingesalv hours under close-to-tropospheric conditiofBe poor time
resolution of such experiments prevents efficieandg of SOA formation as a function of driving camzhs (e.g., engine
load or catalyst temperature), which as noted al®\e critical consideration for gasoline vehicles.contrast, oxidation

flow reactors (OFR) (Kang et al., 2007;Li et aD18) are based on flow-through systems, allowimgrfeestigation of SOA
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studying complex combustion emissions. RecentlygaZét al., 2016 suggested that the precursorsaméndntly volatile
organic compounds with a saturation concentrati@nabove 16 ug m*. This should allow for investigation with modern
online instrumentation, such as the high resolutime-of-flight PTR-MS (PTR-ToF-MS).

Here, we investigated primary NMOC, POA, eBC enaissiand SOA formation from Euro 4 and Euro 5 GDI
vehicle exhaust, including vehicles retrofittedhwirototype GPFs. Vehicles were tested on a chdgsmmometer during a
modern regulatory driving cycle (world-wide lightity test cycle, WLTC class-3) and an older low-l&&dopean driving
cycle (EDC); both, under cold- and hot-engine cbads. We studied SOA formation through batch-sggéng in the PSI
mobile SC (Platt et al., 2013) and the potentiabs®l mass OFR, (Bruns et al., 2015;Lambe et @ll12 ambe et al., 2015)
both, applying the latter for batch-style as wsltiane-resolved analysis. Relevant SOA precursere wharacterized using
a PTR-ToF-MS, and their photochemical processitated to SOA formation, where SOA mass and its talikmical

composition was derived from HR-ToF-AMS measuremsent

2 Experimental

Two experimental sets were conducted (set | in 2@&4 Il in 2015). In addition, selected SOA precus (toluenep-
xylene, and 1,2,4-trimethylbenzene (TMB)) were sefdy injected into the OFR for comparison witte thehicle data
(experiments conducted in 2016). In the following describe vehicle testing (Section 2.1), photodsEmexperiments

(Section 2.2), and mass spectrometric instrumamtafSection 2.3).

2.1 Vehicle testing

Vehicles were operated on a chassis dynamometbe dt.aboratories for IC-Engines and Exhaust EmissTontrol of the
Berne University of Applied Sciences in Biel (Switland)”, which includes a roller dynamometer (Stte500 GS60), a
driver conductor system (Tornado, version 3.3),\é5Qlilution system (Horiba CVS-9500T with Roots wé&r), and an
automatic air conditioning in the hall (intake- addution air) to maintain a temperature of 20-3046d an absolute
humidity of 5.5-12.2 g kg. The driving resistances of the test bench andthking resistances were set according to legal
prescriptions without elevation change. This eq@ptfulfilled the requirements of the Swiss and dpgan exhaust gas
legislation. The dilution ratio in the CVS-dilutidonnel was variable and assessed by means of@h@falysis; the range
was from 8, during high engines loads, to 30-40diat conditions. Gaseous components were momiteith an exhaust
gas measuring system Horiba MEXA-9400H, includingasurements of CO and €@y infrared analyzers (IR),
hydrocarbons by flame ionization detector (FID) fotal hydrocarbon (THC) and non-methane hydrocaréMHC)

measurements. Further instrumentation is listesll iSection S2.
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2.1.1 Vehicles, GPFs and fuels

Table ITFables Bnd S1 list the tested vehicles. In 2014, we teat&DI Opel Insignia (denoted GDI1) and a VolvoOv6
(GDI4). GDI1 was studied in standard configuratiamd also retrofitted with a prototype gasolinetipr filter (GPF,
cordierite, porosity 50%, pore size 19 um, 2000sceér square inch)). The GPF was installed “urderf, ca. 60 cm
downstream of the original TWC, and replaced thefflen (Figure S1). Filtration quality at this cogfiration was
equivalent to the best available technology for BRpersonal communication with the manufacturertigla number
reductions were further assessed in Czerwinskl.eP@l7 and yielded a PCEB8%). In 2015, we tested two additional
GDI vehicles (GDI2, GDI3) in standard configuratioWe also repeated tests with GDI4 in standard igardtion and
retrofitted with two GPFs: a) the previously tes®®®F (as above), and b) a Pd/Rh catalytically eb&@@F (denoted
catGPF). Retrofitting was again performed in formh am underfloor modification replacing the mufflea. 60 cm
downstream the original TWC. The PCFE w&6%. The primary purpose of the catalytically aetooating was constant
GPF self-cleaning of deposited carbonaceous mhtatarding to personal communication with the nfacwrer. In future
applications, such catalytic coatings might replédxeeexisting TWC, or more specifically, the TWQuttbbe combined with
a GPF in one system. All vehicles were fueled wgiisoline from the Swiss market, RON 95, accordm@N EN228. It
contained 35% aromatic hydrocarbons, <1% alkerfgsptethyl-tert-butyl-ether (MTBE) (in 2014, ~8% i015) added as

anti-knocking agent, and <0.5% ethanol, all on lametric basis.

2.1.2 Test cycles

We used dynamic driving cycles: the world-wide tighuty test cycle (WLTC-class 3), and the commaum, lowadays
considered less representative, EDC (Europeamdrisycle).Figure trigure-and S2 provide the speed profiles. While the
EDC is characterized by two phases, urban and-extran phase of highly repetitive characteristas®] lasts 20 min, the
WLTC has four phases at different speed levelgrredl to as Phase (Ph) 1-4, i.e. low, medium, hegtra-high speed, and
contains patterns of disruptive acceleration arekléeation. It lasts 30 min. Engines were startdtee after a soaking time
of at least 6 hours at test bench temperaturer(egfe¢o as “cold-started”), or after warming theyiere and after-treatment
system by driving for 3 min at steady-state (80t “hot-started”). Tests are referred to as colatsthWLTC (cW), hot-
started WLTC (hW), cold-started EDC (cE), and harted EDC (hE) throughout the manuscript.

2.2 Non-regulatory measurements and photochemistrgxperiments

In parallel to CVS measurements, emissions werepkairfrom the tailpipe using either 1 or 2 Dekgécor dilutors in

series for characterization by non-regulatory eapgpt and photochemistry experimerigjure trigure-ives a scheme of
the set-up. Sampling was performed as reportedeeanl Platt et al., 2017 and Platt et al., 20t3ddmonstrated good
agreement of batch-sampled emissions with onlinessnements of gaseous pollutants at the tailpifzet (€ al., 2013) and

also gravimetric PM samples from the CVS (Platilet2017). A likewise comparison of our PM measueats is provided
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in Figure S16. Tubing material, length, temperaand flow rates are specified in the S| Section@8an air to operate the
non-CVS sampling and dilution system, SC and OFRs wrovided by a compressor (Atlas Copco SF 1reé-fscroll
compressor with 270 L container, Atlas Copco AG,it&svland) combined with an air purifier (AADCO 25eries,
AADCO Instruments, Inc., USA). Clean air specifioas can be found in Platt et al., 2013. Along witkasurements of
CO,, CO and CH (CRDS, Picarro), THC, CHand NMHC (FID, Horiba), NO, N§ Os, particle-phase instruments (CPC
and SMPS for particle number and size measuremamtls7-wavelength aethalometers for eBC deternuingrinovec et
al., 2015) (Aerosol d.o0.0)), we deployed high retioh time-of-flight mass spectrometers to investégthe chemical
composition of the fresh and aged exhaust. Masetrgpeetric instrumentation is described in Sec®a0B, all instruments
are listed in Tables S2-S3.

2.2.1 Experimental procedure

Experiments were conducted in three configurations.
» time-resolved measurements of primary emissionstame-resolved aging in the OFR during dynamic itigv
cycles, denoted “OFR online”
¢ OFR photochemical aging from SC batch samples whiehe collected over a driving cycle or phaseseher
denoted “OFR-from-SC”
* SC photochemical aging of the before-mentioned &Crbsample
At the start of each experiment the cleaned SC fillad to approximately two thirds full with humifiéd air, with the
remaining volume available for sample injectionluBed emissions from the cold-started driving cyeiere then sampled
into the SC for a later photochemical batch expentmThe batch sampling was conducted either dweffull cycle (cW
and cE), the first (Ph 1, cW) or the aggregatedséchrough fourth phases (Ph 2-4, cW). After samipjection, the
chamber volume was filled up to its maximum witkasi air, and the relative humidity adjusted to 50%.quantify OH
exposure during the later photochemical experimebtgL of 9-times deuterated BuOH (BuOH-D9, purchaseamfr
Cambridge Isotope Laboratories) was added to timplea(Barmet et al., 2012).

In parallel to SC sampling, diluted emissions fribra cold-started tests were sampled online dutiegést bench
driving cycle and characterized in real-time, gitfresh (“primary”), or OFR photo-chemically age@dcondary”). Once
the first driving test was completed and the primamissions were characterized in the SC batclot-athrted vehicle test
was performed. For this purpose, the vehicle wasraipd for 3 min at 80 km™hsteady state driving prior to the test.
Emissions of the hot-started cycle were charaadrin real-time fresh, or OFR aged. No samplindhaff-started cycle
emissions into the SC was performed.

Once both driving tests were completed, the emmssiweviously collected in the SC were charactdriaad when
the monitored parameters and BuOH-D9 signal stadglliand indicated a well-mixed chamber, primaryssions were
sampled from the SC into the OFR for photochemégahg (“OFR-from-SC” sampling, also referred to“hatch OFR”
herein). The OFR was operated at varied OH expssiegermined by UV lamp intensity (100%, 70%, 50%hally, UV
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on measurements were followed by a UV off (OFR Hasriod. Once OFR-from-SC sampling was comple@gdwas
injected into the SC to titrate NO to BONitrous acid (HONO), used as an OH precursorhiea $C, was injected
continuously for the remainder of the experimertt photochemistry was initiated by illuminating t8€ with UV lights for
a period of 2 hours. The temperature around thev&€initially 23+2°C, and reached 26+2°C with UygHis on. The OFR
likely also exhibited slightly higher than ambiegsimperatures close to the UV sources due to heatamy the lamps.
Background measurements were conducted before experiment in SC and OFR, see Section 2.2.2 &h8.2.

In addition to GDI exhaust experiments, toluenxylene and 1,2,4-TMB provided via a liquid injexti system

were aged in the OFR as reference measuremergpanate experiments.

2.2.2 PSI mobile smog chamber (SC)

The SC described by Platt et al., 2013 is an apmately 12 ni, 125 um thick collapsible Teflon bag (DuPont Teflon
fluorocarbon film (FEP), type 500A, Foiltec GmbHe@any) suspended from a mobile aluminum framex@x2.5 m,
LxWxH) with a battery of 40x100W UV lights (Cleo fi@mance solarium lamps, Philips). It is equippéth an injection
system for purified air, water vapor, and gases. r@tlcals used as the primary oxidant are generayephotolysis of
HONO (Platt et al., 2013;Taira and Kanda, 1990)rimy photochemistry, in-situ formation of;@esulted in an average
OH/O; ratio of 5x1¢F; OH concentration and exposure are provided imekalts section. The SC was cleaned prior to each
experiment by filling with humidified air and4Qirradiating with UV light for at least 1 hour,lfowed by flushing with dry,
pure air for at least 10 h. Background measurengdritse clean SC were conducted prior to each éxgert with UV lights
off. Background was insignificant compared to owasurements, except when stated otherwise. Photigthe control
experiments were conducted regularly to estimate dbntribution of the SC background to SOA formatichese
experiments were conducted after the standard iclggmocedure. Instead of vehicle exhaust, purevas used as a sample
and ammonium sulfate (50 pg3ninjected as seed. Other photochemistry experiaigibcedures were in line with the
typical vehicle experiments. We found a SOA backgub<1 pg rii. This was below the SOA concentrations formedrayri
vehicle exhaust aging, see concentration-levelepsrted in Tables S4-S7. Concentration levelhy&n$C, which were a

result of our sampling and dilution strategy, wepresentative for urban ambient conditions.

2.2.3 Oxidation flow reactor (OFR)

Experiments herein utilize the potential aerosoksn®FR, of which several different configurationsse (Bruns et al.,
2015;Lambe et al., 2011;Kang et al., 2007;Lamkted.eR015). Our OFR was previously described bynBret al., 2015 and
consists of a 0.015 Incylindrical glass chamber (0.46 m length, 0.22liameter) containing two low pressure mercury
lamps, each with discrete emission lines at 18525#nm (BHK Inc.) (Li et al., 2015;Peng et al. 18(Peng et al., 2016).
The lamps were cooled by a constant flow of aire Titoming reactant flow was mixed radially disper®y a perforated
mesh screen at the inlet flange. In our experimetits flow through the OFR was regulated by thevflpulled by

instruments and pumps behind the reactor, and etas s-8-9 L mifi. This corresponds to a plug flow residence timef
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100 s. A fraction of the total flow (0.5-1 L mihwas sampled behind a second perforated meshjiscarded to limit wall
effects. The OFR was equipped with an injectiortesysfor water vapor (a Nafion humidifier) and organompounds
(BUOH-D9 as an OH tracer, and tolueo&ylene and 1,2,4-TMB purchased from Sigma-Aldripta.) for precursor tests).
Figure S3 provides a scheme. OH radicals in the @R produced by photolysis of water vapor at b&§ and by
production of atomic oxygen in excited staté@)(from photolysis of ozone {pat 254 nm, which can react with,®l to
form OH. Q itself was produced by reaction of atomic oxygemiound state, G®), with G. OCP) in turn was formed by
photolysis of @ at 185 nm. Lamp power can be regulated betweard180%, with lower intensities lowering both; &d
OH production. The ratio of OH/remained relatively constant at our test poirtsA-@.6)x10 at 100%, (1.9-3.0)xIDat
70%, and (1.7-2.6)x10at 50%. OH concentration and exposure are providéde results section. During “online” (time-
resolved) operation, the diluted exhaust (1 ore2ter dilutors, each at a dilution ratio of 1:8)samixed with humidified air
up to 50% of the total volume flow through the iteacFor OFR-from-SC experiments instead, no sépaddition of water
vapor or BUuOH-D9 was required. The OFR was clegmia to each experiment by flushing with humiddfjepure air,
while keeping UV lights on for at least 10 min. Rgmund levels were <2 pgfSOA before OFR-from-SC experiments

(when sampling from cleaned SC) and <10 jihwhen sampling diluted (1:8) test bench room dismonline-experiments.

2.2.4 Particle losses in SC and OFR

Loss of particulate (and gaseous) material to ceawgtlls are-causingcan causegnificant uncertainties in simulations of
atmospheric aging (Zhang et al., 2014;Lambe e8ll1;McMurry and Grosjean, 1985). The main lossfegarticles are
due to (1) diffusion, (2) electrostatic depositiand (3) gravitational settling, which are in turfieated by temperature
changes due to the UV lights.

Those losses were accounted for in our SC expetimesing the method described in Weitkamp et &072and
Hildebrandt et al., 2009. This addresses all effeicicluding the aforementioned temperature effesitaultaneously. The
suspended OA concentratione AzuspendeaWas consequently corrected to yielgaGic following Eq. (1) from Hildebrandt et
al., 2009. Particulate wall-loss ratdg, were determined from an exponential fit of thedidependent decrease in eBC
mass determined from optical absorptioha®50 nm. When eBC was below the instrumental detedimit (e.g., for
experiments with retrofitted GPF), an average bamedhe other experiments was appliég=5.6x10° s?). Diffusional
losses of particles vary with particle size (McMuand Grosjean, 1985). Our correction implicitlgased internally mixed

OA/eBC particles, and did not account separatalgime-dependent effects.

t
COA,wlc(t) = COA,suspended(t) + fO kw * COA,suspended(t) * dt (1)

A comparison of eBC mass up- and downstream thie iD#icated no significant losses of particulatasirtg UV
on or UV off periods; the experimentally determirteahsmission was equal to 1. Consequently no durtiorrection was
applied. Particle wall losses in the OFR have bgemtified previously by Lambe et al., 2011, whparted at least 80%

transmission efficiency for particles of mobilitiacheter @) >150 nm. The particles measured downstream tHe i@Pur
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study had a median vacuum aerodynamic diametgr fetween 200-400 nm (HR-ToF-AMS-based size distitins in
Figure S10). This correspondeddg >150 nm assuming spherical particles and an OAitenf 1.2 g cn? (Turpin and

Lim, 2001). Particle size distributions in this gensupported our experimentally determined transiorisequal to 1.

2.2.5 Vapor losses in SC and OFR (on walls and thugh other non-OH processes)

Low-volatility vapors (especially semi-volatile (8C), and low volatility organic compounds (LVOCkagrrone to losses
on clean reactor walls and deposited OA particldgch compete with partitioning to suspended OAtipkas. Numerous
publications discussed potential SVOC and LVOC Wabkes in SC systems recently (e.g. Krechmer.e2@17;Ye et al.,
2016;Zhang et al., 2014;Hildebrandt et al., 200®ey highlighted that these losses may result odetipredictions of SOA
yields. However, a robust strategy for their detaation and correction remains challenging (Krecheteal., 2017). In our
previous work, we estimated that vapor wall losseg cause SOA yields to be underestimated for pleeiic SC used
herein by a factor 1.5-2 (assessed based on gasadinicle exhaust, see Platt et al., 2017). This I;e with suggestions
by others (e.g., a factor of 1.1.-4.2 reported Inagy et al., 2014 and 1.1-6 reported by La et24l16). Hence, data
correction would increase our SC SOA yields on agerby a factor 1.5-2.

Palm et al., 2016 recently estimated LVOC lossethé OFR, and described them as a result of Idsseslls,
losses due to insufficient residence time for giarting to the particle phase (i.e., before vapexi the OFR before they
condense), and losses due to fragmentation upotipfeuDH reactions prior to vapor condensation ospended OA. We
tested the loss rate of vapors in our OFR for batdue operation. Given the high SOA concentratind hence high
available particle surface ((1-5)X1an? cm® based on the SMPS size distribution of SOA), thsm 20% of the formed
LVOC was estimated to be lost to the reactor wadi;ig the Palm et al., 2016 model. Data correctionld increase our
OFR SOA yields by a factor of 1.25 on average.

Non-OH reaction processes in the OFR can be anptitivay by which SOA precursors (vapors) are [beese
processes have been parameterized by Peng e0Hh,a3 a function of residence time, photon-fluxOgrmeasurements,
water vapor availability, and external OH reacyii©HR.,), which is defined as the product of the availablé-reactive
material and its respective OH rate constant. Riso@85 nm, 254 nm), oxygen allotropes (excitedgexyatoms (3GD)),
ground state oxygen atoms {B)), and ozone (§) were identified as relevant loss processes &zysor molecules,
dependent on their chemical identity. To estiméigrtcontribution vs. OH-reactions, we applied Peng et al., 2016
model. The results and implications of photon-iretl@ffects on SOA formation or destruction are uiised in the Sl
Section S4. In brief, for OFR-from-SC experimentg, predicted non-OH loss processes of SOA precsitsoyield up to
25% for benzene and 10% for toluene, initiated bgtpns. For time-resolved OFR experiments, the tnoaelicted more
significant losses at low dilution ratios (1 ejectilutor, which applies to experiments from 201djid smaller influences
for experiments conducted with double dilution [8céor dilutors, which applies to experiments fr@8615). This is due to

the relatively higher [OH] at lower OHR Time-resolved OFR experiments from 2014 werehfntimpacted by OH
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suppression and relatively higher NiBvels. For this reason we did not use them gtaiviely within this publication (see
Section 3.3, Sl Section S4,).

2.2.6 SOA yields

Our SOA yield analysis is based on SC and OFR-f8@nexperiments with GDI1-3 when tested over thedytle or Phl
only. An effective SOA vyield (Y.), was calculated as the ratio of the formed SOAsna the reacted SOA-forming spedies
(in Apg ni®, Eq. (2)). We took into account all our identifi&DA precursors, i.e. the 8 dominant aromatic hyairioons
presented irFigure 4Figure-d, neglecting non-reactive and non-SOA forming prsars. Thereby, we assumed that all

relevant SOA precursors were measured.

ASOA

Yi ASOprrecursoriyreacted

Ye

@

SOA vyields are presented as a function of the swuige (i.e. non particle wall loss corrected) orgaaerosol mass
(POA+SOA), for consistency with the wall loss catien method described above (i.e. neglecting vayadt interactions).

In practice, this has little effect on the obtair@@A yield curves, as particle wall losses wereitéoh due to the short
experiment time (2 hours). As the yield could bewated for each point in time since initiationiotochemistry, values

as a function of OH exposure and also as a fundfi@uspended OA were derived.

2.2.7 OH exposure estimation

The time-integrated OH exposure (molec®s), defined as the integrated OH concentratiom the reaction timet) was
calculated from the decay of BUOH-D9 (Barmet et 2012). The obtained OH exposure was related tapgmoximate
ambient aging time by assuming a mean atmosph@if] pf 1x1¢ molec cri® (global 24h average, Finlayson-Pitts and
Pitts, 2000). We also predicted OH concentraticth @posure using the OFR model and OH exposumna&tin from Li et
al.,, 2015 and Peng et al., 2016. The tracer-bade¢exposure was generally in good agreement withntioeel results,
except at the highest OH exposures where the traeénod was on average a factor of 3 higher (StiG@e&4). Tracer-

based OH exposures were used throughout our asadigsthese measurements are specific to our exgres.
2.3. Mass spectrometric instrumentation

2.3.3 PTR-ToF-MS

A proton transfer reaction time-of-flight mass dpemeter (Jordan et al., 2009;Graus et al., 20BOR-ToF-MS), (PTR-
TOF-8000, lonicon Analytik Ges.m.b.H., Innsbruckystia), was used to study gaseous non-methan@iorgampounds
(NMOC) in fresh and aged emissions. We used hydrorions (HO") as the primary reagent. Water clustersQ{H,0)"
were below 5% of the J©* ion and not considered further. Detected compoumdsded aromatic hydrocarbons, alkanes

(>C10) and alkenes (>§, as well as oxygenated compounds and thus margcoies expected in GDI vehicle exhaust
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(Gueneron et al., 2015;Schauer et al., 2088). set | (2014), the PTR-ToF-MS operated at at doftage of 545 V, a
chamber temperature of 90 °C, a drift pressure.®fn#bar, and a resulting reduced electric fi&lNj of 140 Td. In set Il
(2015) and for single precursor experiments (20&&),used 545 V, 60 °C and 2.1-2.2 mbar, respdgtivesulting in an
E/N of 130 Td. The mass resolution, mass accuracy ratative transmission efficiency (De Gouw and Wame
2007;Mduller et al., 2014) were routinely verifieding a 12-compound gas standard (Carbagas, pretbireegemvz 45 to
181, containing alcohols, carbonyls, alkenes, atmreydrocarbons and terpenes). Further, we useihtemal calibrant
(diiodobenzene, gH,l,, protonated integenz 331), to support mass calibration at higiméz.

Data were analyzed using the Tofware post-procgssioftware (version 2.4.2, TOFWERK AG, Thun,
Switzerland; PTR module as distributed by loniconalytik GmbH, Innsbruck, Austria), running in thgot Pro 6.3
environment (Wavemetrics Inc., Lake Oswego, OR,.Al)SIn the absence of fragmentation, ions areeplesd at thenw/z
corresponding to the neutral parent molecule shifigthe mass of one proton (denoted [NMOCHHThe exact mass was
used to determine the elemental composition andbgwed with previous reports of compounds identifiademissions
NMOC concentrations were derived from theCH normalized ion signal of [NMOC+H] the appropriate reaction rate
constant towards 4" (kuso.) from Cappellin et al., 2012 and Cappellin et 2010, and the residence time in the drift tube,
following standard procedures. While ideally thelecalar sum formula can be approximated by the texa@ss of
[NMOC+HY]*, isomers, such as ey, p-, m-xylenes and ethylbenzene, cannot be resolved ggd i uncertain. When the
information was missing, we used the collisionaé reonstant (2xIdcn®s?). Although protonation with 0" is typically

soft, fragmentation may occur for aldehydes, alt®halkanes, alkenes and substituted aromaticé, tié non-oxygen-

2.3.4 HR-ToF-AMS

Quantitative, size-resolved mass spectra of therafyactory sub-micron particle composition weredaied using a high
resolution time-of-flight aerosol mass spectrométR-ToF-AMS, Aerodyne, (DeCarlo et al., 2006))uggped with a PM
aerodynamic lens. All data presented hereinapen minus closed signals derived from high resolution analysisirfgt
procedures (SQUIRREL1.51H, PIKA 1.10H), runningtfire Igor Pro 6.3 environment (Wavemetrics Inc., e &swego,
OR, U.S.A)). Following standard procedures (Caregaret al., 2007), the instrument ionization éficy and particle size
measurement were calibrated using size-selectesNREparticles and polystyrene latex spheres, respagtiA relative
ionization efficiency of 1.4 for organic materiahs/applied. We used a collection efficiency ofdypon photochemistry,
significant amounts of NiNO; were formed, and under our (WsBO,-free conditions, our aerosol mixture is not expdct
to bounce significantly. No corrections for lersnsmission were performed; pTOF distributions ao®iged in Figure S10.
HR-ToF-AMS data were corrected for background daasp CQ by subtracting the C&signal measured in a particle-free

sample. The interaction of inorganic salts with-geposited carbon on the tungsten vaporizer cahtea CQ" signal in
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the open minus closed HR-ToF-AMS mass spectra (Pieber et al., 2016)td&ih@mical aging resulted in significant O3
formation, reaching N@OA ratios of roughly 5. A C@ signal at 3.5% to N@was determined by calibration (Figure S4)

and corrected according to Pieber et al., 2016.

3 Results and discussion
3.1 Pollutant emission factors (EFs) as function ofehicle technology and driving cycle

Figure 2Figure-2summarizes emission factors (EFs) across all leshiand conditions tested. We investigated NMHC,
THC, primary PM (eBC, POA) and SOA. A detailed dission on emissions of CO, N(article number and genotoxic

PAHSs from cold- vs. hot-started cycle driven GDhigdes in standard configuration is provided in Mafet al., 2018.

3.1.1 NMHC and THC

No drastic test cycle-dependencies (WLTC vs. ED@yewobservable in terms of NMHC or THC EFs for estart
conditions (cW vs cE). The comparison for hot-gt@dntycles (hW vs hE) was not conclusive, but ingidaventually lower
EFs during hE for GDI1. Differences between coldd &ot-started tests were more dramatic: EFs ofigyy NMHC and
THC were reduced by a factor of 90 for GDI1-3 undet-started conditions compared to cold-startetstEigure 2Figure
2, panel a and c). Median NMHC EFs were 1132 mgRgcW) and 12.9 mg kg (hW). EFs from cold-started WLTC
(cW) for GDI1-3 were clearly dominated by Ph 1 (c¥863 mg kge™), which exceeded all other test conditions by 2 to
orders of magnitude. For GDI4 we found lower tatahissions during cold-started cycles compared bherovehicles
(~factor 3 lower than GDI1-3, median NMHC EF (cWiB4 mg kg.;’) and a smaller difference between cold- and hot-
started cycles. For GDI4, the cW NMHC EF was onliings higher than from hw, rather than 90 time$oasGDI1-3.
Instead, when looking at the total NMHC EF of hWDI& exceeded those of GDI1-3 (the median for hW [&s 55.7 mg
Kgre?). This remained true for individual cycle phas@smparing Ph 1 of cW and hW vs. Ph 2, 3 or 4 of @ hw for
different vehicle standards revealed that, excepPh 1 (cW), GDI4 had higher EFs during all otpbases than GDI1-3
(factor 2-30, with the biggest difference found Rin 2-4 (hW)). The corresponding median data wégS840.1, 23.8, 1.6
(for GDI1-3, Ph 1 (cW), Ph 1 (hW), Ph 2-4 (cW) ald 2-4 (hW) respectively), and 1507, 2.2, 56.814tig kg, (for
GDI4). Lower cold start emissions of GDI4 compatedother vehicles may be explained by differenceshie catalytic
after-treatment system, the location of the catadgswell as reduced cold start enrichment. In $eofNMHC and THC
EFs, GDI4 is in line with Euro 6 vehicles, for whicegulation also focuses on the reduction of tiid-start HC emissions.
GPF-retrofitting did not affect the NMHC or THC EFRsr either GDI1 or 4 under cold-started conditioas further
discussed in Section 3.2.
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3.1.2 Primary PM (gravimetric PM, eBC, POA)

Primary PM emissions appeared less dramaticalBctdtl by the differences between cold- and hotestarycles compared
to above discussed NMHC and THC EFy(re 2Figure-a). Selective sampling of phases of the cold-slac¥® into the
SC (Figure 2Figure-@) and time-resolved measuremerfiéig(re 3Figure-Bindicated that significant eBC was emitted
during cold-engine start-up (Ph 1 cW). Primary Piissions were, however, not as strongly reducethdurot-engine
conditions (see Ph 2-4 from cold-started cycle ai as hW inFigure 2Figure-a8/b/d andrigure 3Figure-B The total PM
emitted by vehicles in standard configuration wamihated by eBC rather than POBRidure 2Figure-B), and the low
POA-to-eBC ratio similar to diesel engines not egeid with DPFs, as also found by Saliba et al..72M measured in
the batch samples (sum of eBC and POA) are compaitbdgravimetric PM analysis of filters sampledrr the CVS in
Figure S16, and chemical analysis of PM samplefiriher presented in Mufioz et al., 2018. Significaffects in the

primary PM EFs were induced by the application 86 as discussed in Section 3.2.

3.1.3 Secondary Organic Aerosol (SOA)

Emissions of all cold-started vehicles, technolegiad driving tests showed significant SOA formatipon photochemical
oxidation Eigure 2Figure-B), in line with other studies on GDI as well asrtgael injection systems (Platt et al.,
2017;Gordon et al., 2014;Nordin et al., 2013;Saébal., 2017;Zhao et al., 2018). The findings wesesistent with above
observation that NMHC and aromatic hydrocarbon Efetermined by the PTR-ToF-MS, sE@ure 2Figure-@) were
significantly higher during cold-started cycles qmared to other conditions. Hot-engine emissions Zhsampling from
cold-started WLTC, as presentedHimure 2Figure-@) also resulted in SOA formation, which was, hogre20-50 times
lower in terms of EFs than SOA formed from Ph 1 glamy of a cold-started WLTC. This is likewise igraement with the
trends indicated by the phase-dependent NMHC Ekguie 2Figure-@). Also the SOA production factors for GDI4
(median: 12 mg Kye) Were around a factor 20 lower than the averagé $@duction of GDI1-3 Figure 2Figure-B)
(median: 222 mg kf.e). The observed SC SOA (on average 13-170 mg&gwas in line with previously aggregated data
(e.g. a median 60, range ~10-400 mdkgas reported in Jathar et al., 2014) and with eevipus findings (range ~6-70
mg kg'we, Platt et al., 2017). OFR experiments resultedigher SOA values compared to SC experiments (OBR 6n
average 11-500 mg Kge): this was in parts due to the higher OH exposulnieh led to more reacted precursor mass and
higher OA loadings. High OA loadings induced patiing effects (Pankow, 1994;Donahue et al., 20@8)ch needs to be
considered when comparing OFR and SC data. Thibeatone by comparing SOA data as a function of &Apresented
in Section 3.6Figure 6Figure-60ther differences which may affect the measur€dh Snass within the two systems
(including vapor losses, etc.) are discussed iti@ec2.2.5 and 3.6.

While engineering measures to reduced cold-staisstoms from GDI4 were effective to reduce SOA Edfyj the
lower SOA EFs of hot-engine conditions indicateel thlevance of a functional after-treatment sysieneduce SOA, GPF-

retrofitting appeared ineffective under cold-stdreenditions.
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3.2 Effect of gasoline particle filters (GPF) on pltutants

Figure 2Figure-2provides emission factors (EFs) of GPF-retrofittezhicles compared to standard configuration, as
discussed in Section 3.1. We found that gravimét was significantly reduced by the retrofitted ’E8Rested on GDI1
and GDI4 (reduction was 98%, 96% and 84% for GDRFGGDI4-GPF and GDI4-catGPF during cW, respedgtivel
corresponding hW reduction was 96%, 91%, and 73%8. significant primary PM reduction was linkedthe removal of
the non-volatile eBC fractiorF{gure 2Figure-2anel b,d), which dominated the total primary Pl dor which reduction
values yielded >99%, 94% and 64% for GDI1-GPF, GBRF and GDI4-catGPF, respectively, during cW.

Retrofitted GPFs (including catGPF downstream thadard TWC) appeared also to reduce the POA @machiut
the effect was smaller (by 54 to 64% in 3 testg,bith a POA enhancement in a fourth test, whichoaanot robustly
interpret; all data correspond to cold-started eyl POA removal is more complex, given that POA &avide range of
volatilities and may thus encounter a particlesfilin either vapor or particle phase. Only the Mmiatility POA fraction
may be efficiently removed by filtration, while neovolatile material passes through the filter gsovaand condenses when
the exhaust is cooled in the ambient air. GPFsndidaffect FID-based NMHCHgure 2Figure-a), aromatic hydrocarbon
EFs Figure 2Figure-@), or the PTR-ToF-MS-based NMOC composition dutting cold-started cycles (discussed later in
Figure 4Figure-# We have indications for GPF-induced hydrocarbeduction during hot engine conditions (by 20-80%
for the FID-based NMHC EFs measured from the CV&esy) and believe this deserves further attentioflilow up
studies. The retrofitted GPFs did neither redueeSBA EFs under cold-started conditioR&(re 2Figure-2panel b,d, and
Figure S14). SOA reduction requires hence additiafi@r-treatments to remove NMHCs or selected NMQO€luch as
reduced cold-start enrichment or engine/catalysth@ating. Significantly lowered SOA EFs of GDl4daduring Ph 2-4
SOA experiments are indicated by such engineeriagsures (Section 3.1). No effects of the GPFs wieserved on SOA

yields or bulk chemical composition of cold-startedts, detailed later (Sections 3.6-3.7).

3.3 Time-resolved SOA formation in the OFR during grnamic test cycles

CVS and batch sampling of the individual cold-sdrt?WVLTC phases indicated the highest emission ok $@cursors and
SOA formation during cold-started Ph 1 (cW), asadet! in Section 3.1.8Bigure 2Figure-@. This was confirmed by time-
resolved SOA profiles from aging of the emissiamghe OFR online during the driving cycles, whick show inFigure
3Figure-3for c W and hW tests using GDI1 in standard configion. The emissions were exposed to OFR photoistiem
with UV intensity at 100%. Particulate OA and rigrgdenoted Ng) were monitored downstream the OFR; for the cold-
started cycle, the POA signal measured during arsgp experiment wittV off is shown for reference. The large
difference between the OA and POA traces indictiatithe observed OA was predominantly SOA. Dutirggcold-started
cycle, we found significant SOA formation during Bh(i.e. start and low speed) and to a lesser extering Ph 2-4
(simulated highway driving), which confirmed ourselovations from Section 3.1Bfure 2Figure-8 The peak at engine

start was observed during all cold-start vehicktsteregardless of vehicle, driving cycle or GPifafé, while the small
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peak at the end of high-speed/extra urban driviag finished appeared inconsistently. The latteelmsted to a delay of the
OFR signal by the residence time in the reactoglss observed by Zhao et al., 2018, and mightrpiatiey also be caused
by a delay of SOA forming species which are retina surfaces (Pagonis et al., 2017). The SOA bigpraelated with
hydrocarbon measurements at the OFR inlet (Fig6r8%. The duration of the SOA peak observed aetigine start was
likely artificially increased by OFR residence/reape timescales and reflects the first few secaadwinutes, prior to
catalyst light-off, rather than representing catesitly high emissions throughout Ph 1. Supporthig ¢xplanation, the hot-
started cycle (in which the catalyst operated iffity from the beginning of the test) did not exhiany significant
emission of NMHC FEigure 2Figure-@), and resulted in relatively little SOA formatiovhen investigated online. Hence,
also during online-measurements, cold-start emissippeared to dominate the total GDI SOA burden.

Time-resolved SOA data from 2014 were not used tifasimely herein, due to instabilities with the Q#tposure
throughout the driving cycle (lower OH exposureidgrhigh emissions period as well as potential iotgpdy photolysis
and competing non-OH processes, as discussedSe@ibn S4, Eq. S2 and Figures S11-S12, (Peng, &0dl5;Peng et al.,
2016;Li et al., 2015). Further, those data werepially impacted by an NO-influence on the oxidatregime (high vs.
low NO levels, NQ radical formation, discussed in S| Section S4 Radg and Jimenez, 2017). This was caused by the low
dilution ratio we had applied in 2014 (1 ejectolutlir, 1:8, and additional 1:2 at OFR entrance) & experiments
conducted in 2015 such experimental artefacts wesheced by using a higher dilution ratio (2 ejeditutors in series, each
1:8 and additional 1:2 at OFR entrance). Time-rebldata from 2015 collected with GDI4 were intégdao derived EFs
labelled “Online, OFR100%"Higure 2Figure-B, Figure 4Figure-Ytand agreed well with data derived from correspromd
SC experiments. While we cannot rely on an absajutntitative use of our 2014 data from time-resdlmeasurements,
the relative profile indicating that total SOA wdsminated by the cold start-up remains true regasdbf those effects, and
was confirmed in the 2015 data set (Figure S14fureuvork should investigate the quantitative userdine OFR data in
further detail for additional quantification of daland hot-start contribution of SOA to the tot@/burden; a discussion of
the associated technical issues (including alsoctir@lensational sink as well as the equilibratiometinside the OFR

reactor) has been recently published by Zhao €2@18.

3.4 Primary NMOC composition investigated by PTR-T&-MS
3.4.1 Dependence on vehicle test conditions

Figure 4Figure-d shows the average NMOC mass spectrum as obthinéue PTR-ToF-MS measurements for exhaust
from GDI1 over a cold-started WLTC. The relativerqmsition over all test conditions (driving cyclasd phases, vehicle
configuration including GPF-retrofits) is given figure 4Figure-B. Figure 4Figure-d summarizes aromatic hydrocarbon
(ArHC) emission factors (EFs), afdgure 4Figure-d provides the relative ArHC composition of the in@esminant species
(a detailed description is provided later). Gasolis a fuel is mainly composed of aliphatic compiguend ArHC with 7 to

10 carbons (making up roughly 35% of the fuel vadyinThe exhaust mass spectral composition from-st@ded driving
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tests appeared instead dominated by surviving ddditives (ArHC, and methyl-tert-butyl-ether (MTBE}ogether with
incomplete combustion products (ArHC and short mladiphatics). The composition was strongly depahda the driving
cycle phase, with ArHC contributing on average 7@Pthe total signal of Ph 1 (cW) and the full cyelgW, cE). Instead,
they constituted on average only 14% of Ph 2-4 (diNpte that the NMOC concentrations for Ph 2-4 JaWére close to
our background measurements, i.e. the signal mptifiantly different from 3 standard deviations tbfe background
measurement). ArHC EFs during Ph 1 (cW) were mioam tone order of magnitude higher than Ph 2-4 (EW§. As we
showed above, GPF-retrofitting did not reduce NMBICGArHC EFs Figure 2Figure-2Figure 4Figure-d); and likewise it
had no distinct influence on the overall NMOC comsiion (Figure 4Figure-).

3.4.2 Speciation and carbon quantification

In the following we speciate the chemical compositand establish a closure between FID-based aRdTRF-MS based
measurements, in order to quantify our potentiaAS@ecursors for Sections 3.5-3.7. A small numbErAcHC ions
dominated the mass spectrum and relative compositiofull WLTC and Ph 1 (cW); specifically: benzi[CHs+H]",
integerm/z 79, denoted BENZ), toluene (8s+H]", m/z 93, TOL), o-/m-/p-xylene or ethylbenzene (§8,+H]*, m/iz 107,
XYL/EBENZ) as well as gbenzenes ([§H+H", m/iz 121, C3BENZ). Their rate constants are showiiahle 2Fable-2
Relevant additional aromatic peaks correspondedCidoenzenes ([GHi+H]", miz 135, C4BENZ), naphthalene
([CyoHg+H]*, Mz 129, NAPH), styrene ([§s+H]*, m/z 105, STY) and methyl-styrene @8,+H]*, m'z 119, C1STY).
While our primary ionization pathway was via®!, the ion source produced up to 5% unwantgd Which enabled further
pathways (Amador Mufioz et al., 2016;Jordan et28111;Knighton et al., 2009). Signals assigned 10 @athways were
excluded from our analysis (S| Section S5).

The eight above identified ions comprised 96.7+3@&%he total ArHC and 69.5+19.7% of the total NM@@Gss
signal in pg ¥ for full cW, cE and Ph 1 (cW); Ph 2-4 (cW) fractiowere 65.2+9.8% and 13.9+12.1%, respectively.
Oxygenated ArHC, such as phenolic compounds andaigghyde, made up an additional 1.2+2.0% to thal #rHC
fraction for cold-started conditions (cW, cE, PlicW)). Their relative contribution increased untiet-engine conditions
(Ph 2-4 (cW): 5.9£1.2%). Also GDI4 exhibited enhad@ontribution of oxygenated ArHC compared to GBI1

The carbon content of the quantified ArHC corresfgshto 48.8+7.6% of the FID-derived NMHC signaliamsg
equal response factors on the FID, for full cW, afti Ph 1 (cW). (Note, that the ratio of total NM®@&ss in pgC
determined by the PTR-ToF-MS to NMHC measured leyRID (after subtracting CHas measured by the Picarro CRDS)
is 0.65+0.15 as average of cW,cE, Ph 1 (cW). (TMHC/NMOC comparison for data for Ph2-4 is not prasd due to
interferences on FID measurements of oxygen-cantimydrocarbons.) The high ArHC contribution te t8DI emissions
observed here are in line with reports by e.g. Zamman et al., 2016a and Saliba et al., 2017.

Of the non-aromatic peaks Figure 4Figure-d, the largest signals occurred at intemér 57 ([CHq] "), followed
by 41 ([GHs]") and 43 ([GH;]"), which taken together made up 7.9+4.8% for tHedycle (cW, cE) and Ph 1 (cW). A

larger fraction (13.2+11.9%) was observed in Ph @W), i.e. hot engine conditions. These ions dtenofragments of
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larger molecules and hence not straight-forwardssign. Thus, they are labelled as structurallyssigaed hydrocarbons
here. Frequently, [{1s]* and [GH;]* are considered fragments of oxygenated parentamlele. In our experiments,
however, these ions dominantly derived from prop@els), based on ratios between those ions antiflC (SI Section
S5, Figure S15). The fuel contained 5%2014) to 8%, (2015) of methyl-tert-butyl-ether (MTBE), as arntidanocking
agent which, rather than butene, dominated thefaignt signal atm/z 57 ([CHg] ), which is elaborated in SI Section S5
further. The carbon content of unspecific fragmef®Hs]* (mVz 41), [GH7]" (m/z 43), [CHg]" (Wz 57)) accounted for
additional 4.4+3.0% of the FID NMHC signal (full GWE, and Ph 1 (cW)).

Based on the literature reports of e.g. Platt.e28l13 and Schauer et al., 2002 we expect a gignifcontribution
of ethene (@H,) to the exhaust hydrocarbons. This however, cabaajuantified by proton transfer reaction (Guenerb
al., 2015), and together with short-chain alkanastributes in parts to the difference between thQC and FID-based
NMHC signal (ratio of the two measurements: 0.6%&). Further possibilities for parents of above tisered potential
fragments may also contribute to the missing méassice: e.g. 41, 43, 57, and furtheiHg,.,” may also derive from alkyl-
substituted monocyclic aromatics, alkenes with,,>@r alkanes (>, potentially >G if cyclic) (Gueneron et al.,
2015;Erickson et al., 2014;Buhr et al., 2002). While detected small intensities at the massesspameling to GHant"
(e.g. 71, 85, 99), we did not observe significaghals corresponding to aliphatic fragmentationtgras aboven/z 57.
Signals indicating larger cycloalkanes or alkeneg.(most abundant fragmentsmatz 69 for substituted cyclohexane)
(Gueneron et al.,, 2015;Erickson et al., 2014) weegher abundant, although reported by gas-chragnaphic MS
techniques in other experiments (e.g. Saliba eR8l7;Zhao et al., 2016). We cannot fully excltlde presence of those
compounds, due to the limitations of our measurémenciple and they might contribute to the migsB5% carbon mass.
Their potential relevance for SOA is further disser$ in Section 3.6, fragmentation is further disedsin S| Section S5.

We found a small contribution from oxygenated seec{such as small acids and carbonyls), while farge
oxygenated molecules were not detected except rémes of benzaldehyde @d:;0+H]") and methyl-benzaldehyde
([CgHgO+H]"). Nitrogen was found in very few species, of whitle dominant one was acetonitrile (§H\). Due to
challenges in its quantification without properiloadtion of the PTR-ToF-MS, and its unknown soufioeluding potential
outgassing from Teflon sampling lines), it was exeld from our analysis. The carbon content of orgged compounds

would make up only 3.6+3.9% of the FID signal assgra response equal to pure HCs for cW, cE and @hV).

3.5 SOA formation in OFR and SC: oxidation conditims and reacted SOA precursors

Figure 5Figure-Shows a typical experiment during which collegpeinary emissions were sampled from the SC through
the OFR (OFR-from-SC), exposed to photochemisti/\atight settings of 100%, 70%, and 50%, and cbimdzed in dark
conditions Figure 5Figure-8). Thereafter, photochemistry was initiated in®i Eigure 5Figure-b).

The emissions of vehicle exhaust contained NO, lwhkin influence the chemical pathways during atresp
processing, given that the dominance of R or RGQ-RO, reactions is driven by NO levels. NO-to-NOy ratiae
presented in the top panelskafiure 5Figure-5NO was converted rapidly to N@and further to HN@) in the OFR (Lambe
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et al., 2017) and OFR aging conditions when sarggdfiom diluted exhaust hence were considered “Id@/'.NAt elevated
NO levels such as during online operation of theRQfiring our 2014 measurements (discussed in $e8t® and S4)
“high NO” conditions may have been reached as ddfiny Peng and Jimenez, 2017. Based on Platt,e2Cdl4, RQ
radicals predominantly react with NO, when the @mation of NO is higher than only 1 ppb in the. 8&fore starting SC
aging by injecting HONO and initiating photochemystwve titrated NO present in the SC to N@ing Q. NO levels in the
SC typically dropped to the detection limit (< 1bppvithin few minutes of photochemistry. The toD, signal increased
with time of SC experiment, which we relate to foemation of HNQ from primary NQ and continuous injection of
nitrous acid (HONO). The presence of Nébuld not be unambiguously quantified. We clasdifour SC experiments as
“low NO” conditions; albeit initial NO concentratis might be higher than in the corresponding OReBments.

Upon photochemistry, reactive NMOCs decayed dueesations with OH radicalg={gure S5Figure-8,b, middle
panel), OA and secondary nitrate mass increaséarin(bottom panel). While in terms of abundanceatentially SOA-
forming precursors toluene (TOL) and xylenes/ethgltene (XYL/EBENZ) dominate over benzene (BENZ) #rel C3-
benzenes (C3BENZ), their OH reaction raféable 2Fable-R have the opposite trend (C3BENZ > XYL/EBENZ >0
BENZ). The reacted ArHC mass at a given OH expostae governed by the combination of their abundaarz their
reaction kinetics. At the final OH exposure of ¢(5.8)x10* molec cn?® s? the reacted ArHC massitas dominated by
XYL/EBENZ (41+3%), which together with TOL (33+4%pmprised more than 70% of the total reacted ArBBBENZ
(13+2%) and BENZ (7£3%) provided smaller contribus, and C4BENZ, STY, C1STY and NAPH accounted for
additional 5%; other compounds were not consideffedctions are provided in Figure S5, OH exposiaéa at the end
point of SC experiments and for the OFR are pravidecaption td=igure 6Figure-@nd inFigure 7Zrigure-¥. NOy/OA as a
surrogate to describe NNO; formation were 4.00+2.11 in the SC and comparbtilever in the OFR (0.43+0.26).

3.6 Effective SOA yields

Effective SOA yields Ye) as a function of absorptive mass (Pankow, 1994dbae et al., 2006) are displayedFigure
6Figure-6 For the GDI exhaust, oif, assumed BENZ, TOL, XYL/EBENZ, C3BENZ, C4BENZ, NAPHTY, C1STY as
sole SOA precursors and we focused on tests frddistarted GDI1-3 (i.e. for full cW, cE; and Ph@X()), while GDI4 or
hot engine conditions, i.e. Ph 2-4 (cW) were nafuded in our analysis. (This is, because the aunagon levels were
close to our background measurements. However, auédwike to highlight that Zhao et al., 2018 reitgmeported higher
effective SOA yields for hot-engine conditions cargd to cold-engine conditions, which reflects also observations).
All yields (for exhaust as well as separate preans)sincreased as function of the suspended OA&hieg 0.8-1 for OFR
vehicle exhaust experiments with OA loadings al&8@ug m®. In the atmospherically more relevant range ofalD00ug
m, yields spread from a few (<15%) to 20-50%. Dethifliscussions are provided later. In brief, wentbthe following:
e SC- and OFR-derived effective yield curves for GRhaust agreed within our experimental variabitiyd had a trend
for higher yields in the OFR than the SC (or, vwegsa, lower yields for the SC than the OFRg(re 6Figure-6,
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Section 3.6.1). No distinct difference between P{tW) SOA and the full cycle (cW, cE) SOA was obveel, and
neither an explicit effect of GPF-retrofitting.

» GDI vehicle exhaust effective SOA yields (SC andRpBppeared relatively higher than our referencasuements
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experiments A2, A3 and B3 (as labelledFigure 6Figure-Gand Table S4) are reliable data points for conspari while
experiments Al, B1 and B2 are potentially assodiatith higher uncertainties (further discussechia paragraph following
the next).

Yields are expected to be underestimated by faabds5-2 (SC) and 1.25 (OFR) (Platt et al., 20aHhPet al.,
2016) due to influences of vapor wall losses. Tgkimose correction factors into account reducedliberepancy between
the two systems. The relative contribution of spec¢o the reacted ArHC fraction was not signifibadifferent between the
systems (Section 3.5, Figure S5). At average iedjby a factor of 1.0+0-3nd-did-net-suggestinducing-any-differences in
the-SOA-yieldsHowever, other plausible explanations exist figr temaining gap in the yields. While higher initevels of
NO in the SC experiments might suppress SC SOAdtom, as recently discussed by Zhao et al., 201 more likely
scenario in our experiments is that the higher @Rcentrations in the OFR (1énolec cn in the SC, vs. Tto 10 in the
OFR) led to more than one OH attack on the aronmicursors (Molteni et al., 2018) and thereby echd the OFR
yields. This is also supported by thgtendenehigher H:C found in OFR SOA (see discussion ini8ac.7).

As mentioned earlier, we also investigated on tagability among SC yields, which indicated a ctaten of
higher SOA yields with higher initial SC NO levefsjch as e.g. for experiments Al, B1 and Bigjfre 6Figure-fTable
S4). This is contradictory to common knowledge aedent work by Zhao et al., 2017. The higher ihit&®D levels,
however, also correlated with higher concentratiohssecondary NENOs in the SC (Table S4, using the B@s a
surrogate). Presenting SC yields as a function A#K0Os+NH, in Figure S13 appeared to decrease variabilityrayeC
yields, indicating NHNOs-dependencies for those three experiments (Al, B). Given that the high NMMO;
concentration in these experiments was outsideG@y’-AMS interference calibration, data may be assediavith a

positive mass bias even after correction (Piebat.e2016). Neglecting experimental artifacts veballow for a speculation
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on the contribution of inorganic nitrate and thesamsated water as absorptive mass (Stirnweis et2@l7), and the
(unwanted) influence of N&radicals at relatively higher concentrations dfiéh NO (Schwantes et al., 2017). A detailed
analysis is, however, beyond the scope of our study

3.6.2 GDI exhaust SOA yields in comparison to spéit precursors (Figure 6Figure-6a)

GDI vehicle exhaust effective SOA yields from SCdaDFR, appeared higher than our reference measntemeth

of those from single precursors, particularly, wivemsidering SC experiment, but with a higher dipancy for the OFR { Formatiert: Nicht Hervorheben

experiments Eigure 6Figure-8). To - { Feldfunktion geéindert

explain -Ferthe remaining discrepancyhich was u-of-p to a factor 2forthe-OFRwe focus on the following two
hypotheses:

1) Unaccounted precursors (see also Section 3.@ur calculated effective SOA yields assume thatedfivant
SOA precursors were identified and their decay tified, as defined in Eq. (2). We were able to ekpl65%+15% of the
total non-methane hydrocarbon signal with the carfieoind in the PTR-ToF-MS measured NMOCs, and tisedairomatic
fraction (49+8%) as SOA precursors. This approamrers a significant fraction of likely SOA-precursoWhile both, the
aromatic (Odum et al., 1997;Ng et al., 2007b;Hildelolt et al., 2009;Loza et al., 2012;Platt et2014) and the aliphatic
(especially alkanes) (Lim and Ziemann, 2005;Lozalet2014) species are known exhaust constituemsnay form SOA,
aliphatic species are relevant only if their carlatrain is sufficiently long and does not substadigtilagment during
reaction. Short-chain alkanes (g@xhibit only low SOA vyields at typical ambient Adévels (Jordan et al., 2008). ArHC,
starting from the simplest withgCinstead produce highly oxygenated multifunctioaejanics with only few OH attacks
(Molteni et al., 2018;Schwantes et al., 2017), ar@ltherefore efficient SOA precursors exhibitinghhyields. Oxygenated
ArHC (phenolic, benzaldehyde) did not appear sigaift enough (<1% of the total NMOCSs) to inducddAenhancements
and were neglected in our analysis. Further relesampounds were not included as relevant SOA psecs, although, on
average, up to 35% additional carbon was availablmdetected molecules (assuming the PTR-ToF-MS@ocomparison
is a valid approach). Parts of those 35% are cgytaiot significant for SOA formation, such as eethene and other above-
mentioned short-chain aliphatic compounds. Whiteséhmight contribute significantly to the unideietif carbon fraction,
they do not contribute significant SOA mass. Otledetected molecules instead might also form SQW, leaving them
unaccounted, artificially increases our calculatfdctive SOA vyields.

Prominent candidates are alkyl-substituted monacycbmatic and long chain aliphatic compoundsglaborated
on in the following. Identified ArHC as determinbyg the PTR-ToF-MS were classified as VOCs basetheir saturation
concentration ¢*) at or above 1Dug ni® (VOCs) with a small contribution from aromaticsi¢h as naphthalene) in the
IVOC range C*=10%-10° ug m°) (Pandis et al., 2013). While the larger contiitof VOCs than IVOCs to gasoline
vehicle exhaust SOA is consistent with Zhao et 2016, they, also suggest additional substitutecigogclic aromatic
IVOCs, which we did not identify. Likewise Nordint @l., 2013 postulated alkyl-substituted monocyd@immatics
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previously as relevant precursors. Given that fhegment in the PTR-ToF-MS predominantly by losthg aromatic-ring,
those compounds could indeed be significant camtvils to the 35% missing carbon mass and would asdribute to
SOA. Long-chain aliphatic compounds are likewisauplible, although we found no significant indicatim our mass
spectra. Further investigations of those speciésguBTR-ToF-MS could be performed by inducing otlhenization
pathways such as by use of'@s the primary ion source (e.g., Amador Mufio4.e2816).

Finally, MTBE was present in significant amounts tire exhaust. It has currently not been consida®d
significant SOA precursor, owing to its small cathmumber and high volatility. We believe it sholdd investigated in
future work considering it may contribute to SOAemhcontained in a complex mixture.

2) Reference SOA yields do not accurately represeithe complex exhaust emissionsComplex mixtures of
hydrocarbons and matrix effects might exhibit SQ&lds which differ from single molecules or relaiy simple mixtures.
The influence of NO on SOA yields has been previoaddressed in the literature for biogenic ancheofiogenic sources
(e.0. Ng et al., 2007a; Ng et al., 2007b), and galyeindicates that at higher NO conditions, low®DA yields are
observed. Zhao et al., 2017 confirmed this for las@xhaust, and we choose NO-free conditionsoagparison points for
our yields based on the discussion in SectionGtfosing a high-NO reference would enhance diso@es. Instead, the
influence of other exhaust constituents which drseat in our reference measurements, such as rimedoNH,NO;, the
presence of N®and chemical processing by unwanted formation @f-Mwdicals (Schwantes et al., 2017) are insuffidyent
addressed in the literature for a final conclusidnatrix processes, along with potential non-linetiects of SOA-formation
from mixed precursors, should be addressed induttudies. Further, aromatic isomers show a digtdb of yields based
on carbon number, number of aromatic rings, andegegnd location of substitution, which are notyfwlovered by the
reference compounds selected for testing. Isonmresept in the exhaust may enhance the effective #€lé relative to the
reference measurements. Last, benzene contribessdthan 10% to the reacted NMOCs (Section 3.5Fagute S5) and
was therefore not tested separately in our OFR. é¥ew its SOA yield has been reported to exceetl dhalkylated
analogous compounds, such as xylenes or highelagdidybenzenes (Li et al., 2017;Bruns et al., 20B8hnzene may hence

contribute to the enhanced effective SOA yieldtiedato the reference measurements.

3.7 SOA elemental composition (SC and OFR)

The bulk OA elemental oxygen-to-carbon and hydreigecarbon ratios (O:C and H:C) for GDI exhaust SfoAned in SC
and OFR-from-SC experiments at varied OH expostealown irFigure 7ZFigure-7The SOA composition shifted towards
higher O:C and lower H:C as a function of OH expesu both systems. While we found agreement fer@hC between
SC and OFR-from-SC at similar OH exposure for tfB€:experiments (labelled A2, A3, B3 kiigure 7Figure-&,c), the
other three experiments exhibited relatively highe€ at equivalent OH exposure (labelled Al, Bl,iBEigure 7rigure
7b,c). The latter also had higher SOA vyields (Sec8c.1) and were characterized by higher;N8; concentrations, which
were outside our CO-AMS interference calibration. We believe data rbayassociated with a positive bias towards higher

O:C even after correction (Pieber et al., 2016)add¢ewe focused on A2, A3 and B3 and consider o@ @ata in general
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agreement between OFR-SOA and SC-SOA, when refiegsan a function of OH exposuferis-agreement-did-not-apply

or-the H-C_howeverforwhich-the OFR vieldedhsa values-than-the A 7 higher NO-levialghe ad-overall

inerease-the-H:C-in-the-OFR-relative-to-the-SCs |dreement did not apply for the H:C, however,vibich the OFR

yielded higher values than the SC. Oxidation préslwgth two more H-atoms than the precursor arenéat when the

aromatic-OH adduct adds an oxygen molecule angéhexy radical then terminates by a reaction witBldr RQ. If the - {Formatiert: Tiefgestellt

oxidation product contains a C=C double bond, teéction sequence can be repeated leaving a sgeoegation oxidation ‘[Formatiert: Tiefgestellt

product with four additional H-atoms. The formatiaihhighly oxygenated low volatility products withand 4 additional H-
atoms under high OH concentrations has been shgwiolteni et al., 2018. The higher NO-levels in € and the higher

peroxy radical concentration in the OFR are critioavhich termination pathways of the peroxy radigccur. For example,

investigation of those aspects requires informatona molecular level and should be the focus tfireu comparison \‘[Formatiert: Tiefgestellt

studies. GPF-retrofitting did not distinctly afféBOA bulk elemental composition, in line with neat effects on NMOC
composition, SOA EFs or SOA yields.

4 Conclusions

We studied exhaust from Euro 4 and Euro 5 GDI Jehias a function of driving cycles, individual pka thereof and
engine temperature (cold-started, hot-started),enaduated the effect of retrofitted GPFs on priynamissions and SOA.
We presented a detailed analysis of primary NMO@musition from PTR-ToF-MS measurements, identifieldvant SOA
precursors and assessed SC and OFR experimengs.viéesummarize the major conclusions.

For all GDI vehicles, the dominant fraction of hgdarbon emissions was released during cold-staghitle tests,
before after-treatment systems are at operatiemapérature. No drastic test cycle-dependencieseeetWLTC and EDC
were observable from our tests during cold-stactedes. Instead, EFs of primary NMHC and THC wa@uced by up to a
factor of 90 under hot-started conditions compaoecbld-starts, and total emissions were dominbagethe pollution during
the first few minutes of the driving cycle. Cheniigathe emissions of cold-started vehicles werenohated by aromatic
hydrocarbons, especially by toluene, xylenes/ethytiene, C3-benzenes and benzene. SOA formation likesise
governed by the cold-start emissions, and SOA féomaunder hot-engine conditions 20-50 times lot®m under cold-
engine conditions. These results were independetiteotesting protocol, demonstrating that vehetgineering and the
performance of after-treatment systems rather th&ndriving behavior governed these emissions. &lethe SOA
potential (in terms of an emission factor) agreéth wecent literature reports from both, GDI andtgoel injection systems.
It appeared that GDI4, which was in line with Eéroegulations regarding its NMHC emissions, hadduced overall and

cold-start NMHC EF, but instead its emissions dgrirot-engine conditions contributed a bigger re&@firaction to the
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total. Additionally, by trend, oxygenated ArHCs hadslightly enhanced fraction in GDI4 compared BIG3 exhaust.
SOA formation of GDI4 was lower compared to GDI1#3,line with NMHC reduction induced by reduced d:start
enrichment or improved catalytic after-treatmenstegn. Considering that GDI4 NMHC EFs follow thoske Euro 6
vehicles, the determined SOA EFs may be represemtita newer generation of vehicles.

GPF-retrofitting efficiently removed eBC, which wése dominant component of primary PM. It also sedw
effects on the minor POA fraction, which was, hoer\not as significantly reduced as the refracMy. Instead, GPF-
retrofitting did not alter NMHC EF, the chemicalsgphase composition, and neither did it reduce $@#nation in our
cold-started tests. This result holds likely getigriiue when GPFs are catalytically inactive, atdcold-started driving
cycles also for catalytically active GPFs (i.e. whemissions pass through the TWC and the catGPérebdight-off
temperatures are reached). It implies that, whékeofitting GDI vehicles with GPFs will likely refuin an important
reduction of the total primary PM emissions thiougmoval of refractory material, it will (underratitions similar to our
experiments) only to a small extent reduce hydimmaremissions including ArHC, and thereby not diyelead to SOA
reduction. Future work should assess GPF and cag#Péts under hot-engine conditions in more detallewise, tests on
so-called “4-way catalysts”, i.e. a TWC-GPF combima installed at the location of the current TW@& Bimultaneous
filtration of particulates and catalytic conversioingaseous pollutants will be beneficial to untkerd whether reductions of
SOA precursors, SOA, and semi-volatile primary Rivi be achieved with further optimized systems.

Effective SOA yields from GDI exhaust, while in @eal agreement considering our experimental vditgbi
appeared by tendency higher for the OFR than théoE@ice versa, lower in the SC than the OFRY aere not explicitly
influenced by GPF-retrofitting. Trends in the elerrad O:C of the bulk SOA were related to differ@itl exposure levels in
the two systems. Trends in the H:C indicated irstddferences in OFR and SC processing, which fall further
investigation on a molecular level . SOA formatfoom GDI vehicle exhaust appeared dominated bywaAeHC and was
not affected by GPF-retrofitting. While a signifitafraction of the SOA could be attributed to tlderitified precursors
{especially-in-the-SC-experimentsdlivergences in the effective SOA yields remainpdo a factor of 2n-the-OFRwhen
comparing to specific precursors. This may haveerdie reasons including unaccounted precursors ljwtémnot be

detected by PTR-ToF-MS measurements) and compléiameéfects which deserve further attention indal up studies.
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Figure 1. Schematic (not to scale) of the experim&al set-up. Vehicles were driven over regulatory driving cyc(EDC and WLTC,
for which speed profiles are shown in the figune)aochassis dynamometer test bench. Emissionssaetpled through a heated dilution
and sampling system using 1 or 2 ejector dilutots the PSI mobile SC (Platt et al., 2013) andpihiential aerosol mass oxidation flow
reactor (OFR) (Bruns et al., 2015). Instrumentafmncharacterization of fresh and photo-chemicaliyed emissions is listed. The raw
exhaust was also sampled at the tailpipe usinglatdrtest bench equipment to monitor regulatorgisge(diluted in a constant volume
sampler, CVS) and unregulated emissions (with Fodniansformed Infrared Spectroscopy, FTIR).
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Figure 2. Emission factors (EF) of pollutants from chil-started (“c”) and hot-started (“h”) test cycles (WLTC (“W”) and EDC
(“E”)). Individual cW and hW phases are indicated as “P#: (a) Total and non-methane hydrocarbons (THC, NMHC) arigry
gravimetric particulate matter (PM) from CVS measugats over entire test cycles for different vehaafiguration and test conditions
(average+1SD)(b) primary PM (equivalent black carbon (eBC) and prinarganic aerosol (POA)), and secondary organiosaé
(SOA) from SC and OFR-from-SC experiments, and fantine OFR operation at 100% UV per vehicle configion for cold-started
test cycles (average+1SO¥) THC and NMHC of cW and hW experiments from (a) safel into individual cycle phases (median, and
P25-P75 range are showifdl) POA, eBC, aromatic hydrocarbons (ArHC) and SOA overftll cW and cE, compared to individual
phases of cW from SC batch experiments and OFR-B@n{average+1SD)a{d) EF calculation is provided in SI Section S1. Tinee-
resolved SOA profile from online OFR measurementslacted on GDI4 in 2015 (standard and catGPR)oeigeed in Figure S14.
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driving test with OFR at 100% UV intensity; due tdelay in the OFR the signal after the WLTC is fieidhs displayed as well), nitrate
aerosol (inorganic, ammonium nitrate, displayedrily NO;), as well as POA and equivalent black carbon (eB@jther experiments
(Al (a repeat of GDI1 in standard configurationgufe S6, and B1 (Figure S8) and B2 (Figure S9)chiare experiments of GDI1
equipped with GPF) are presented in the Sl. Tinselved profiles of GDI4 in standard configuratiamdawith catGPF are provided in
Figure S14.

34



(a) Hydrocarbons,
structurally not assigned
M likely short-chain
aliphatic/fragments
(m/z 41, 43, 57),
and unassigned
compounds

= likely aliphatic

m/z 41, [C3H]*
m/z 43,[C,H,]*
[CoHg+H]*
[C HgHH]*
[Catyi#H]

CHy+H]

[CyoHg+H]*

-3

10

m/z 57, [CHo]*

<

NMOC, relative
% pg m
=

0.1 Aromatic HC (ArHC)

m eg. alkyl benzenes
40 60 80 100 120 140 160 m O-containing,
m/z e.g. benzaldehyde

w/
stand- w/  stand- w/ stand- stand- stand- w/ cat ! O+ charged

GPF ard ard ard ard  GPF GPF
(b) 100 O-containing
Qe 80 @ Carbonyls, e.g. HCHO
g O3 Acids, e.g. CH ;COOH
°© g 60 B Others
-]
8 2’ 40 N-containing
2 ° 20 incl. CH ,CN
zZ 0 O excl. CH3CN
)
C) 5 5
(c) 2 2 1000
S Ao
s 2 100 Alkylated Benzenes and Naphthalene
o @ @ summed
I £ 10 Emission Factor (EF)
< Alkylated Benzenes
and Naphthalene
O CisTy
(d) ° 100 = STY
= m NAPH
8 e m C4BENZ
® &5 50 m C3BENZ
%) =4 B XYL/EBENZ
£ 8 m TOoL
2 O BENZ

eI fulce (sc.c1) - T § & %

IJueT | ages ol e
<<<< |mOmD 000 (Wwww
QOO0 OOV O V00 [OOOOQ
QALL [ LOOND QA | QLN
3333|3333 |y |uyy 3338 233
M EERN 333 333
£ w e wuu ¥ Wy
o |ERyT aoa & oaa
J(00aw QQQ < 00O
o éé@% ] o S8
[CR Nayag=2" [aYaya) o Qxg
865 coo 3 °33
©g © 00
wLTC, EDC, wLTc, WLTC, WLTC,
GDIL GDI1 GDI2 GDI3 GDI4

Figure 4. PTR-ToF-MS derived NMOC composition (cold-grted cycles).Data collected by batch sampling (“SC”) or durindirs
measurementga) Mass spectrum of GDI1 emissions (standard cordigpm) sampled into the SC during a cold-started WI@EW). (b)
Relative composition of the PTR-ToF-MS derived NMQ&xfion (which makes up 65%z15 of the FID-based NOMignal on a carbon-
basis for cW, cE, Ph 1(cW)(c) total ArHC EFs (which make up 49+8% of the FID-mh88VIHC signal on a carbon-basis for cW, cE, Ph
1(cw)), and(d) relative contribution of the 8 dominant ArHC, whicorrespond to 96.7+3.3% of the total ArHC sigral dW, cE, Ph
1(cW)). (b-c) Data correspond to vehicle exhaust for GDI1 (efpR), GDI2 (expt. E), GDI3 (expt. F) and GDI4 (éxf5) sampled into
the SC during full cW and cE driving tests, or indial phases of cW, or measured “online”. The idiemtin parenthesis specifies
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Figure 5. Typical OFR-from-SC and SC photochemistryexperiment. Decay of dominant SOA precursors (benzene (BEN#)ehe
(TOL), o-/m-/p-xylene (XYL) or ethylbenzene (EBENZ), C3-benzen@3BENZ)) upon photochemistry and associated SOA dtion in
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Figure S5 per experiment. Local time is given itefals of 15 min.
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Figure 6. Effective SOA yieldsVehicle exhaust from GDI1-3 (full cW, full cE, PK&W)) photo-chemically aged in the SC
and OFR-from-SC compared to effective SOA yieldsmfreelected ArHC (tolueney-xylene, 1,2,4-TMB) photo-chemically
aged in our OFR (this study, w/o N@:xylene data from Ahlberg et al., 2017) and in a(B€hzene, toluene, o-xylene from Li
et al., 2016a and Li et al., 2016b, w/o NG}) all data combinedp) OFR @verage+15% measurement-variabilitydata from
this study are also provided in Table) @&d SC yields of single ArHC or mixturés) vehicle exhaust photo-chemically aged in
SC and OFR-from-SC (average+1SD of AMS OA measurérdanng stable conditions). Error bars on datamfrOFR
represent the variability of the measurement. S@iarves per experiment are presented in Figue &8l potential factors
enhancing yields in experiments Al, B1, B2 (Ta¢ &e discussed in Section 3.§d-c) OH data are given jRigure 7Figure _
7 and summarized here: OH exposures up to 14xt6lec cn? s, after ~2 hours of SC photochemistry (average]f@iil 0’
molec cn?). OFR100%: [OH]=(2.7-5.2)xt0molec cn?; [OH]ey=(3.0-5.8)x18' molec cn? s (at ~8 ppm §). OFR70%:
[OH]=(1.4-2.2)x18 molec cn?; [OH]ey=(1.6-2.5)x18" molec cni’ s (at ~3 ppm §). OFR50%: [OH]=(0.28-0.44)xfamolec
cm?; [OH]exF,=(0.31-0.49)xlfJl molec cn? s (at ~0.7 ppm §). The max. OH exposure in the SC corresponds taahge of
green to orange colored OFR data points in pangbégFigure 7Figure-7 |
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| Figure 77. Bulk OA composition of SC and OFR SO&-b)Van-Krevelen plot (O:C vs. H:C) for SOA formed durisg expts (n=6,
GDI1 standard and w/GPF, cW and Ph 1 (cW)) and ®BR-SC data points (n=10, GDI1 standard and w/G&FcW, full cE, Ph 1
(cW)) at different OFR UV settings (100%, 70%, 50%)shows SC Expt (A2, A3, B3; Table S4) andSC Expt (A1, B1, B2; Table
S4), experiments with NfMO; levels outside our CO-AMS interference calibration range (Pieber et 2016). The POA contribution
was subtracted from the total OA bulk compositiB@A/POA ratios were > 10. The Aiken parameterizafidiken et al., 2007;Aiken et
al., 2008) has been applied to HR fitted data. Lind&cate the Van-Krevelen (VK) space typical fontdient AMS measurements (Ng et
al., 2011). Error bars represent one standard tiewviaf measurement variabilityc) O:C of a) and b) as a function of [OH] exposure.
[OH]ep in days refers to an assumed average ambient GOHF molec cnt.
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Table 1. Vehicles(details in Table S1) and tests dives the number of driving tests conducted; ED&stevere only conducted with
GDI1 and GDI1 w/GPF).

Vehicle Vehicle Expt. cold- hot- cold- hot-
Code Type Set started started started started
WLTC WLTC EDC EDC
GDI1 Opel Insignia; Euro 5, standard configuration 20an n =4 n =4 n=1 n=1
GDI1 w/GPF Opel Insignia; Euro 5, with retrofitted GPF (undkrér) 2014 (1) n=4 n =4 n =3 n =3
GDI2 Opel Zafira Tourer, Euro 5 2015 (I1) n=4 n =4 -- --
GDI3 VW Golf Plus, Euro 4 2015 (I1) n =4 n =4 -- --
GDI4 (2014) Volvo V60, Euro 5, standard configuration 2014 (1) n=4 n =4 -- --
GDI4 (2015) Volvo V60, Euro 5, standard configuration 2015 (I1) n =3 n=1 -- --
GDI4 w/GPF Volvo V60, Euro 5, with retrofitted GPF (underflopr 2015 (II) n =4 n =2 -- --
GDI4 w/catGPF Volvo V60, Euro 5, with retrofitted catGPF (undeofir) 2015 (Il) n =4 n =2 -- --
5
Table 2. NMOC information (list of dominant peaks).

lon, Chem. Assignment Denotation  kjz0.+2 Kon™

m/z Formula cm®s?t cm® molec? s*

79 [CoHetHI™ benzen BENZ 1.93x1(° 1.22x1C7

93 [CHg+H]* toluene TOL 2.08x19 5.63x10"

107 [GeHig+H]* o-/m/p-xylene, ethylbenzene  XYL/E-BENZ 2.26x10 (7-23)x10%

121 [GeHo+H]* Cs-alkyl-benzenes C3BENZ 2.39x20 (6-57)x10"

135 [GHitH]®  Co-alkyl-benzenes C4BENZ 2.50x10 (5-15)x10*

129 [CioHg+H]* naphthalene NAPH 2.45x70 23x10*

105 [GeHg+H]* styrene STY 2.27x1d 28x10"

119 [GHsg+H]* methyl-styrene C1STY 2.00xf0 (51-57)x10%

41 [CHs]* HC fragment - 2.00x1d n.a.

43 [CsH7]* HC fragment - 2.00x1H n.a.

57 [CHo]* HC fragment - 2,00x10 n.a.

lons are referred to with their integer mass-torgbaf/z) ratio for simplicity, but are identified based tre HR derived exaatVz
instead. n.a.=not applicabis0. from Cappellin et al., 2019ko from Atkinson and Arey, 2003, range in (bracketsjresponds to
10 isomers.

39



10

15

Supporting I nformation:

Gas phase composition and secondary organic aerosfdrmation
from standard and particle filter-retrofitted gasoline direct injection
vehicles investigated in a batch and flow reactor

Simone M. Piebéf’, Nivedita K. Kumaf, Felix Kleirt, Pierre Comte Deepika Bhatty
Josef Dommeh Emily A. Bruns, Dogushan Kilic*, Imad El Haddal Alejandro Kellef,
Jan Czerwinskj Norbert Heefy Urs BaltenspergérJay G. Slowikand André S. H. Prévit

*Paul Scherrer Institute, CH-5232 Villigen, Switzert!

%Bern University of Applied Sciences, CH-2560 Nid&witzerland

SEmpa Material Science and Technology, CH-8600 DédbegnSwitzerland

“University of Applied Sciences Northwestern Switaed, CH-5210 Windisch, Switzerland

“Now at Istanbul Technical University, Eurasian ituseé of Earth Sciences, 34467 Sariyer, Turkey

*Correspondence: simone.pieber@psi.clndre.prevot@psi.ch

Supporting information contains Sections S1-S5ufég S1-S16, and Tables S4S8

Pieber et al., Supporting Information Page S1



10

15

20

25

S1. Emission Factors (EFs)

Emission factors from batch experiments were catedl based on a carbon mass balance as describéattiet al., 2013
and Platt et al., 2017 (Eq. (S1)), whéés the species of interesic the carbon fraction (0.85) of the fuel and Gd CO,
NMOC and eBC in units of carbon mass.

AP

EFF=———— %
ACO2+ACO+ANMOC+AeBC

wc (S1)

Regulatory emission factors from the test bencheweovided in accordance with the ECE Regulation 88 and use a

fuel consumption of the vehicle in accordance g ECE Regulation No. 101 and an effective fuelsity of 0.75 kg [*.

S2. Test bench instrumentation (extended)

Gaseous components were monitored with an exhassngasuring system Horiba MEXA-9400H, includingasweements
of CO and CQ@by infrared analyzers (IR), hydrocarbons by flaorézation detector (FID) for total hydrocarbon (THand
non-methane hydrocarbon (NMHC) measurements, NQ/MNith a chemoluminescence analyzer (CLA) which was$

heated and applicable only for diluted gas, andMagnos). The dilution ratio in the CVS-dilutionnnel was variable and

controlled by means of the G@nalysis as described in the main text. Non-latggsl gaseous emission components were

analyzed by FTIR (Fourier Transform Infrared Spatteter, AVL SESAM) at the exhaust tailpipe, offeritime-resolved
measurement of approx. 30 emission componentajdimg NO, NG, NO,, NHz, N,O, HCN, HNCO, HCHO. Number
concentration of non-volatile particles was meadwvégh condensation particle counters (CPC) beliridermo-conditioner
heating the sample to 300°C (following the requieats of the PMP- Particle Measurement Program efEG@E GRPE
Group).

S3. Sampling materials and length

* Tubing to sample direct emissions from the vehiallipe for injection into the SC or online-OFR, direct gas-phase
measurements were made of SilcoTek®-coated st@einfh diameter), temperature controlled at 140°C @petated
under high flows (30 L mif) to avoid substantial losses over the samplingtfenf roughly 8 m. Ejector dilutor 1 was
placed in a temperature controlled housing (200869, ejector dilutor 1 operated at 80°C.

* Instruments sampling either from the SC, behind @R, or directly from the dilution system were nented via
specific tubing for gas-phase and particle phaagtidke-phase tubing was made of stainless steginfédiameter), and
up to 2 m length. Support pumps were used at tteuiment inlets, to minimize sampling residenceetiny increasing

the flow rate. Total tubing length to reach alltbé gas-phase instrument inlets, which were likevaguipped with
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support pumps was up to 2 m. Tubing was made dbiefr SilcoTek®-coated steel. The sampling linghef PTR-
ToF-MS instrument and FID was temperature contradie60°C.

* SilcoTek®-coating and Teflon are suitable for samplof species known to be easily retained on sedasuch as
formaldehyde, acetic acid, acetaldehyde, for whitterwise, in addition to the uncertainties of PTé+-MS analysis,
also tubing losses could induce a shift in our g@syposition analysis.

e The sampling system between the SC and OFR (for-fo#fR-SC experiments) was made of a combination of
SilcoTec® coated steel and conductive Teflon tupbigtable for simultaneous gas- and particle plsasepling. The
total length between SC and OFR inlet was rougtflycB (6 mm diameter, ca. 8 L rirflow). Additionally, all

measurements from the dark SC batch sample weferperd for at least 10 minutes, to reach a stagleas

S4. OFR data quality (OH exposure, non-OH losses drNOXx influence)

Several recent studies (Li et al., 2015;Peng et28l16;Peng et al., 2015) have estimated the dwoion of alternative
reaction processes than OH radical-induced onélseifDFR across a range of operating conditionsd@ase time, water
vapor availability, and external OH reactivity (OBfR which is the available OH-reactive material).e§8 non-OH
processes include reaction with photons (185 nmd, r28), and reactions with oxygen allotropes (excibeygen atoms
(O(*D)), ground state oxygen atoms {B)), ozone (@) were identified as relevant loss processes ¢éapsor molecules.
Under certain operating conditions, also suppressefoOH formation is critical. We applied a prevéby published model
(Li et al., 2015;Peng et al., 2016;Peng et al. 52@4 estimate competing reaction with OH and lafsprecursor molecules
by non-OH sources, and estimated the influence ©f NHased on Peng and Jimenez, 2017. Details on miodet
parameters are presented in the following:

(a) OFR-from-SC (see results ifrigure S11Figure-S)0As input to the model we used OFR100 &', [0s]=1.97x13*
molec cn? (corresponding to 8 ppm at 100% UV intensity), atev mixing ratio=0.01 (1% absolute humidity,
corresponding to 50% RH at 25°C) and a residemee=tl100 sec. Pmeasured at our reactor output for 70% UV intgnsit
was 0.74x18 molec cn® (3 ppm), and at 50% UV intensity 0.17*i@nolec cn? (0.7 ppm). OHR, was calculated
following Eqg. (S2).

OHRexe = Zi (cnmoc,i * konnmoc,);

i=BENZ, TOL, XYL/EBENZ, C3-BENZ, CO, BuOH-D9 2

wherekoy of benzene (BENZ), toluene (TOL), xylene/ethylbeme (XYL/EBENZ), C3-benzene (C3-BENZ) are given in
Table 2; here we applietlonpen=1.22X10", Kop101=5.63x10", ko xvuesenz=(7-23)x10", kop capen=(6-57)x10,
kon,co=1.5x10" (from IUPAC, 2005),kon suon-ps=3.4x10™ (from Barmet et al., 2012) chmolec § s and used a
concentration average of expt Al @knz=4x10", croi=1x10" CxyLesenz=8%10", Cosaen=2x10", coo=(3-7)x10*, Cauon-
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09=(3.7-7.4) x1&" in molec cn? as input. This results in an OEROf 70-100 &. Based on these input parameters, the model
from (Li et al., 2015) and (Peng et al., 2016;Pehal., 2015) predicted an [O%losue(OH concentration integrated over

time, see discussion in main text “OH exposurereston”, in molec criis) in the OFR as follows:

UV100%: [OHLxposura(10-13)x10"
UV70%: [OHexposurz(2.4-3.1)x18"
UV50%: [OHJexposurs(0.35-0.48)x 18-

The estimated [OH}yosure (i Molec crit s) and OH concentration (in molec €mn [OH], based on the experimental

measurements of the decay of BuOH-D9 corresportdadso

UV100%: [OHLyposure=(3.0-5.8)x18", i.e. [OH]= (2.7-5.2)x19
UV70%: [OHlexposure=(1.6-2.5)x18, i.e. [OH]=(1.4-2.2)x1D
UV50%: [OHlexposure=(0-31-0.49)x1Y, i.e. [OH]=(0.28-0.44)x1D

The ratio of OH (measured) to; @Qneasured) remained relatively constant at otrpieisits (OH/Qat 100%: (1.4-2.6)x1%)
(1.9-3.0)x1@ at 70%, (1.7-2.6)xI0at 50%). The corresponding OH information derivienf measurements in the SC was
an [OHLyposureOf 1.4x13*molec cni’s at the maximum aging time (after around 2 howts} constant [OH]= 2xI@nolec

cm®.

Non-OH loss analysig=(gure S11Figure-S)@redicted losses of aromatic hydrocarbons as f@Aursors between 10 and
25% by UV185 nm and UV254 nm, but no impact af (either OID) or OFP)) for the OFR-from-SC conditions. This
only refers to the reactive interaction of OH v excitation by UV, and does not allow conclusionsthe formation of
SOA. Also chemistry initiated by UV185 or UV254 mégad to the formation of SOA, and likewise photaonay also
destruct OH-formed SOA; both processes deservatiattein future research. Additionally, it does radfow conclusions
about the interaction of Qwith double bonds made available by first ring+tipg reactions, and potential effects are not
taken into account. Under our diluted conditionstial NO < 100 ppb), we regard the experiment©iRR as low NO
conditions as defined by Peng and Jimenez, 201&. ddminant SOA precursors found in the exhaustnatereactive
towards NQ radicals that can be formed in the OFR; poterdfédcts on first generation products were not takea
account, however. A full discussion of this issueswpresented by Peng and Jimenez, 2017, who stdtartder conditions
with several hundreds of ppb of NO, an NQusust0-OHexposure Of 0.1-1 may be reached, under which first gemnamat

oxidation products (such as phenolic compoundshtriig impacted.
(b) Time-Resolved OFR(see results irFigure S12Figure-S)1 As input to the model we used OKR1000 § (for
experiments conducted with 1 dilution step, 2014) aOHR=100 &' for experiments with 2 dilution steps (2015),

[04]=1.97x13* molec cni?, a water mixing ratio=0.005 (0.5% absolute hurgidibrresponding to ~20% RH at 25°C) and a
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residence time=100 s. Based on these parametermjdtiel predicted an [Okﬂ,osu,e-(S.Q)xldomolec cni’s. For the 2015
experiments (OHR=100 s") the conditions discussed in (a) appli€th(re S11Figure-S)0Due to the lower dilution ratio
in the time-resolved OFR experiments in 2014, haxea significant fraction of the emissions (up@®60% of the ArHC)
might be lost with UV185 and UV254 nm radicals @&t of OH, as a high OHRleads to OH suppression in the reactor,
making non-OH processes relatively more import#iso O(D) and OfP) reduce ArHC by ca 10-20% under these
conditions Figure S12Figure—S)1 Potential effects of Qon first generation products are not taken intcoaat
analogously to (a). As detailed in Peng and JimeB817, the NQVOC ratio is a function of the driving cycle. Urnde
conditions with insufficient dilution during timeesolved measurements conducted in 2014, we caroloide the influence
of NO and NQ during simulated photochemical aging, as NO leveld reached “a few ppm levels” during the initial
phases of the test cycles. During time-resolvedserements conducted in 2015 (double dilution), M@els were on the
order of a few hundreds of ppb and based on thisstimate no significant impact on our 2015 timesieed SOA profiles,

or the integrated SOA mass. Again, for a full d&sian of this issue please refer to Peng and Jim@04.7.

Quantitative use of OFR data (OFR-from-SC and timeresolved OFR).The SOA yields analysis in the main text is
based on SC and OFR-from-SC experiments only. S@isston factors (EF) are calculated mainly from Gffgn-SC
experiments, and additionally, time-resolved datenf 2015 collected with GDI4 were integrated toivet EFs labelled
“Online, OFR100%" (Sections 3.1, 3.2 and 3.4, FéguRb, Figure 4) and were comparable to data defreen GDI4 SC
experiments. Time-resolved SOA data from 2014 adteere not used quantitatively herein, due toaliifities with the
OH exposure throughout the driving cycle (lower &posure during high emissions period as well asrial impacts by
photolysis and competing non-OH processes (i.éh hidernal OH reactivity (OHR, see Figure S12), and potential NO
impacts on the oxidation regime (high vs. low N@els, as discussed above). While these processitedithe use of time-
resolved data collected in 2014 due to the lowtidituratio that was applied (only one-fold dilutjare. 1 ejector dilutor,
1:8, and additional 1:2 at OFR entrance) and tealtiag high OHR, (>1000 &, see Eq. S2, and NQevels), data from
2015 were not significantly impacted (an examplgiven in Figure S14 for GDI4 in standard confidiom and w/catGPF),
as such experimental artefacts were reduced byofige higher dilution ratio (2 ejector dilutors irries, 2x 1:8 and
additional 1:2 at OFR entrance, OKPN the order of 100’3. We would like to add that while we don’t rely an absolute
guantitative use of our time-resolved data from4£Qkhe relative time-resolved profile was confirmadhe 2015 data set
(Figure S14). Future work should investigate thargitative use of online OFR data in further defall additional
guantification of cold- and hot-start contributiohSOA to the total SOA burden; a discussion of dseociated technical
issues (i.e. changes in OH-exposure and condenadink as well as the equilibration time insite OFR reactor) has

been recently published by Zhao et al., 2018.
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S5. O charging and fragmentation in the PTR-ToF-MS

While the primary ionization pathway in the PTR-TWIS is proton transfer reaction by®' ions, the ion source produced
up to 5% of unwanted £2 O," can lead to charge transfer or hydride abstract@actions (Amador Mufioz et al.,
2016;Jordan et al., 2011;Knighton et al., 2009yn8ls at [GHe]* (MVz 78), [GHg]* (mVz 92) and [GH1* (mVz 106) likely
derive from Q' charged ions of aromatic hydrocarbons (ArHC), artenhence excluded from the analysis of the total
mass. However, they supported peak identificatiprcarrelation with their corresponding protonated iat ~5% of the
protonated signal. Other ions derived frogi @nization were insignificant contributors to tw¢al mass.

Frequently, [GHs]* and [GH;]" are considered fragments of oxygenated parentaulele In our experiments,
however, these ions may dominantly derive from prap(GHg), for which protonation led to [Bls+H]*,and a subsequent
loss of b led to [GHs]*. The observed ratio of j8s]" and [GH;]" was consistent with the ratio seen for pure prepen
(CsHe) injected into the instrument as referenE@gre S15Figure-S)5In analogy to @ ionization of ArHC, we found
[CsHel* in the spectra as insignificant signal (5% ofHigrH]"). It is likely related to an © charge transfer to propene
(Amador Mufioz et al., 2016;Jordan et al., 2011;Ktog et al., 2009), and supported the peak ideatifin. The fuel
contained 5%, (2014) to 8%, (2015) of methyl-tert-butyl-ether (MTBE), as antidenocking agent. Fragmentation by
proton transfer reactions of MTBE can lead to aiicant signal amvz 57 ([CHe]"). Protonated butene would also yield
[C4Hq]*, but analogous to the ArHC and propene, should gige a correlated signal at Jdg]" at approximately 5% of
[C4H4l*, which we did not observe.

The fragmentation process of alkyl-substituted marmmatics would result into a significant masssjoas the
aromatic ring would remain predominantly neutrapgcially for mono-aromatics with long alkyl-sukséints following
Gueneron et al., 2015). For example, only 22% efitm signal generated from n-pentylbenzene fragatien retains the
aromatic ring (19% M+H 3% protonated benzene ring), and 88% is foundoataromatic ionswz 41 or 43). Alkyl-
substituted monocylic aromatics might hence (togrethith long-chain aliphatic compounds which miglgo substantially
fragment) be significant contributors to the migs@arbon mass (on average 35%), based on a compafiID-based and
PTR-ToF-MS based measurements.
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Figure S1. Picturesof a) original “muffler” and GPF in comparisob) retrofitted GPF, installed underfloor in replacemntenmuffler”.
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Figure S2. Speed profile of regulatory driving test. Speed profile (v, in km# versus test time (in seconds) of EDC (new European
driving cycle, top) and WLTC (world-wide light dutgst cycle, class-3, bottom). While the EDC is cbiazed by two phase (an urban,
and an extra-urban phase of highly repetitive dtarestics) and lasts 20 min, the WLTC (class-3¢haracterized by four phases at
different speed levels (referred to as Phase (Ph)dr low, medium, high, and extra-high speedpeesvely); it contains patterns of
disruptive acceleration and deceleration, and B@tsin. The WLTC is believed to represent typia@idg conditions around the world
and was developed based on combination of collentede data and suitable weighting factors byxageg group from China, EU, India,
Japan, South Korea, Switzerland and the USA.
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Figure S3. OFR schematic (not to scaleThe OFR version deployed here was previously desdiifo Bruns et al., 2015. The reactor is a

0.015 ni, cylindrical glass chamber (0.46 m L, 0.22 m ditereflanked by two UV lamps on the upper part e teactor, each with
5 discrete emission lines at 185 and 254 nm (BHK)Inkhe lamps are cooled by a constant flow of@iN,. The incoming reactant flow

is radially dispersed in the OFR by passing throaglerforated mesh screen at the inlet flange. Tve through the OFR is determined

by the flow pulled by instruments and pumps behli reactor. The reactor is equipped with an ilgecsystem for water vapor {B)

and NMOCs (notably BuOH-D9, and selected precursosifgle molecule testing). Water vapor is provideda Nafion humidifier. Air

is passing on one side of the Nafion membranegctitlg water vapor from the liquid on the otheresaf the membrane. In addition,
10 other chemicals, such as BUOH-D9 (used as an Qidrjraan be injected by passing a small streanteahcair through a vial containing

the liquid NMOC.
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Figure S4. Ammonium nitrate (NH;NO3) interference on CQ," (Pieber et al., 2016)The CQ" signal (RIE=1) vs the Ngsignal
15 (RIE=1) from pure ammonium nitrate (IYNO3) aerosol with g=400 nm from 3 calibration experiments. An orthogjodistance least
squares fit yields a slope b£0.035. Corrections were applied via the fragmémragble as noted in the main text.
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3 Sl Tables

Table S1. Vehicle specifications.

Time-of-Flight-Mass Spectrometer

non-refractory particulate matter

Parameters GDI1 GDI2 GDI3 GDI4
Vehicle Type Opel Insignia 1.6 EcoFlex  Opel Zafira Tourer VW Golf Plus Volvo V60 T4F
Engine code AL6XHT A16XHT CAV B4164T2
Cylinder (number/ 4/inline 4 /inline 4 /inline 4 /inline
arrangement
Displacement,cm3 1598 1598 1390 1596
Power, kW 125 @ 6000 rpm 125 @ 6000 rpm 118 @ 5800 rpm 132 @ 5700 rpm
Torque, Nm 260 @ 1650-3200 rpm 260 @ 1650 - 3pad 240 @ 1500 rpm 240 @ 1600 rpm
Injection type DI DI DI DI
Curb weight, kg 1701 1678 1348 - 1362 1554
Gross vehicle weight, kg 2120 2360 1960 - 1980 2110
Drive wheel Front- Front- Front- Front-
wheel drive wheel drive wheel drive wheel drive
Gearbox mé mé mé a6
First registration 2014 22.07.2014 01.02.2010 7.02.2012
Exhaust EURO 5b+ EURO 5b+ EURO 4 EURO 5a
VIN YV1FWO075BC1043598 WOLPD9EZOE2096446 WVWZZZZ8W844855 YV1FW075BC1043598
Table S2. Gas-phase instrumentation.
Gas phase Instruments Measured Parameter Manufacter Lower limit (or range)
Picarro Cavity Ring-Down CO,+ CO + CH+ H,0 Picarro 0-1000 ppmC (CQ
Spectrometer G2401 0-5 ppmC (CO)
0-20 ppmC (CH)
0-7% (H0)
THC Monitor APHA-370 Total Hydrocarbon (THC), Horiba 0.02-100 ppmC
Non-methane hydrocarbon (NMHC)
Proton-Transfer-Reaction- Volatile organic lonicon 10 ppt
Time-of-Flight-Mass Spectrometer compounds (VOC) Analytik
(PTR-TOF-8000)
Table S3. Particle-phase instrumentation.
Particle Phase Instruments Measured Parameter Manufcturer Lower limit or (range)
High Resolution-Aerosol- Size resolved Aerodyne 1ug n® & 0.1-1 um

(HR-ToF-AMS)

Scanning Mobility Particle Sizer (SMPS) Number-greed Home built, with
aerosol size distribution TSI DMA, and 3022 CPC
Equivalent Black Carbon (eBC) Aerosol d.o.o

Particlebaam TSI

0.01 particles cfy d» 15-850 nm

Aethalometer AE33
Condensation particle counter CPC 3776

10 ng n-100 ng n?
0.01-10particles crif, ¢ >4nm
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Table S4. Average concentration after sampling intéhe SC, formed in the SC or OFR-from-SC (GDI1, colestarted WTLC and
EDC).

Expt Veh. Test Ph NMHC CO CO, NO, NMHC/ NMOC NMOC ArHC eBC POA SOA* Nitrate*

cyclé’ (FID) NO,  (PTR) (PTR) (PTR)
ppbC  ppmppm ppb  ppbC g ugC Hg ug ug ug Hg
ppb! m* m* m® _ m?® m* m? m*
Al GDI1L cW  ful 1610 47 1717 72 22 586 462 358 58 6.4 134606
cw (128" (134"
A2  GDI1 cw ful 1700 36 1909 62 27 575 180 428 53 57 32 217
cw (266" (185"
A3 GDIL c¢W Ph 2280 17 700 25 91 762 670 669 33 28 61 299
1 (275" (99"
A4 GDI1 cW Ph 274 24 1328 33 8 146 93 26 97 19 28 198
2-4 (5.4") (507
Bl  GDI1- ¢W  ful 2400 41 2123 58 41 891 776 759  0.05 24 195625
GPF cw (486" (185"
B2  GDI1- ¢W  ful 1800 29 1766 56 32 558 481 458  0.05 33 87 347
GPF cw (305" (156")
B3  GDIl- ¢cW Ph 1540 15 592 23 66 433 370 31 02 14 28 189
GPF 1 (206") (997
B4 GDI1- ¢W Ph 182 21 1240 47 4 16 12 4 02 1.6 25 64
GPF 2-4 (127 (144"
Cl  GDI1 cE ful 1870 12 1304 41 46 440 390 391 21 37 120" 19"
cE
DI  GDI1- cE ful 1830 12 1235 32 58 479 413 397 0.05 14 239" 43
GPF cE
D2  GDI1- cE ful 1770 12 1250 34 52 457 396 388 na 15 255 86"
GPF cE
D3 GDI1- cE ful 2020 14 1650 38 53 497 439 447 005 12 255 57*
GPF cE

#cW refers to cold-started WLTC, cE refers to cdla®d EDC cycle; the driving tests were conducteer ohe full cycle, Ph 1, Ph 2-4
and “full” indications refer to selective samplirgf driving cycle phases into the SC and hence ptesawerage exhaust gas
concentrations as input to SC (A1-B4) and OFR-fromt8GD3) photochemical experiments. Online time-tesd tests were monitored
and emissions were photochemically aged in the OFR the full driving cycle for each driving teshiggrated data are, however, not
presented herein except for GDI4 in 2015). *seconderosol mass formed upon simulated photochem{SI€ experiments, “OFR-
from-SC experiments UV100), not wic). n.a.=dataaatilable.
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Table S5. Average concentration after sampling intthe SC, formed in OFR-from-SC (GDI2, cold-started W.TC).

Expt Veh. Test Ph NMHC CO CO; NOx NMHC/ NMOC NMOC ArHC eBC POA SOA* Nitrate*

cycle’ (FID) NOy (PTR) (PTR) (PTR)
ppbC ppm ppm ppb ppbC pg  MgC Mg Mg Mg Mg Mg
ppb™ m> 2 om® m® m® o m? m?
El GDI2 cW full 996 8.05 1334 na. na 634 460 315 n.a. 3.5 70¢ 10
cwW
E2 GDI2 cW full 1430 127 1303 n.a. na 771 575 412 25.1 3.9 12@4.6"
cwW
E3 GDI2 cW full n.a. 8.4 1003 n.a. na 504 400 265 9.07 21 94 .1"33
cW
E4 GDI2 cW Ph n.a. 7.6 398 na. na. 378 332 326 7.64 11 118" .5"29
1

#cW refers to cold-started WLTC, cE refers to cdiaed EDC cycle; the driving tests were conductest che full cycle, Ph 1, Ph 2-4
and “full” indications refer to selective samplirgf driving cycle phases into the SC and hence ptesawerage exhaust gas
concentrations as input to OFR-from-SC photochemgsgleriments. Online time-resolved tests were moomit and emissions were
photochemically aged in the OFR over the full drvioycle for each driving test (integrated data &@yever, not presented herein
except for GDI4 in 2015). *secondary aerosol mamsnéd upon simulated photochemistry (“OFR-from-S@egiments UV100).
n.a.=data not available.

Table S6. Average concentration after sampling intthe SC, formed OFR-from-SC (GDI3, cold-started WLTC).

Expt Veh. Test Ph  NMHC CO CO, NO, NMHC/ NMOC NMOC ArHC eBC POA SOA* Nitrate*
cycle (FID) NO (PTR) (PTR) (PTR)
ppbC ppm  ppm  ppb ppbC  pg  pgC  pg  ug Hg Hg Hg
DDb.l m?3 m?3 m3 m?3 m3 m?3 m?3
FL  GDI3 cw ful 1198 100 525 na na 447 380 264 139 048 123° 267"
cw
F2 GDI3 c¢W ful na 207 48 na na 229 147 137 803 096 31.22.4°
cW
F3 GDI3 ¢W Ph na 147 158 na na 202 154 121 545 106 26.82.2
1
F4 GDI3 ¢W Ph na 049 339 na na 191 101 33 216 005 2.35.1%
2-4
#cW refers to cold-started WLTC, cE refers to cdlred EDC cycle; the driving tests were conducteer ¢the full cycle, Ph 1, Ph 2-4
and “full” indications refer to selective sampligf driving cycle phases into the SC and hence ptssawerage exhaust gas
concentrations as input to OFR-from-SC photochemgogleriments. Online time-resolved tests were roomit and emissions were
photochemically aged in the OFR over the full dryioycle for each driving test (integrated data &myever, not presented herein
except for GDI4 in 2015). *secondary aerosol massnéd upon simulated photochemistry (“OFR-from-S@egiments UV100).
n.a.=data not available.

Table S7. Average concentration after sampling intthe SC, formed in SC (GDI4, cold-started WLTC).

Expt Veh. Test Ph NMHC CO CO; NO, NMHC/ NMOC NMOC ArHC eBC POA SOA* Nitrate*

cyclé (FID) NOy (PTR) (PTR) (PTR)
ppbC  ppm  ppm  ppb ppbC  ug MgC  Hg Hg Hg Hg Hg
ppb™ m? m® m® m® m?® m® m?
G1 GDI4 cwW full 438 6.01 1218 na. na. 429 180 169 9.99 na. 1049.1
cwW
G2 GDI4 cwW full 486 7.03 1555 57 85 415 136 177 10.1 211 5.1 8.8
cw
G3 GDI4 cw full 750 10.1 1830 112 6.7 508 288 251 14.9 3.05 45 527.
cW
G4 GDI4  cW full 688 n.a. na. 118 5.8 356 215 185 201 na na. a. n.
cW

#cW refers to cold-started WLTC, cE refers to claFed EDC cycle; the driving tests were conducteer ehe full cycle. Online time-

resolved tests were monitored and emissions wentophemically aged in the OFR over the full driviogcle for each driving test

(integrated data are, however, not presented hereiept for GDI4 in 2015, which are labelled “oeli®@FR” in the corresponding figures
in the main text). *secondary aerosol mass fornmahwsimulated photochemistry (SC experiments, no}.wila.=data not available.
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Table $887. OFR yields from this study as presented in Figuré in the main text.

Compound OA OA_err Ye Ye_err - - {Formatierte Tabelle
pg m® pg m® ug ug* ug ug*
TOL
TOL 26 4 0.15 0.02
TOL 50 8 0.18 0.03
TOL 66 10 0.21 0.03
TOL 69 10 0.19 0.03
TOL 70 11 0.16 0.02
TOL 106 16 0.23 0.03
TOL 117 18 0.21 0.0¢
TOL 291 44 0.2¢ 0.0¢
TOL 798 11¢ 0.3¢ 0.0¢
OXYL/TOL (3:1)
OXYL/TOL (3:1) 347 52 0.64 0.10
OXYL/TOL (3:1) 507 76 0.46 0.07
OXYL/TOL (3:1) 588 88 0.53 0.08
OXYL/TOL (3:1) 852 128 0.76 0.11
OXYL/TOL (10:1)
OXYL/TOL (10:1) 26 4 0.14 0.02
OXYL/TOL (10:1) 82 12 0.34 0.05
OXYL/TOL (10:1) 104 16 0.26 0.04
OXYL/TOL (10:1) 176 26 0.27 0.04
OXYL/TOL (10:1) 266 40 0.45 0.07
TMB/TOL (2:1)
TMB/TOL (2:1) 141 21 0.3¢ 0.0t
TMB/TOL (2:1) 192 29 0.29 0.04
TMB/TOL (2:1) 195 29 0.37 0.06
TMB/TOL (20:1)
TMB/TOL (20:1) 675 101 0.45 0.07
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