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Summary

The transport sector is fundamental to the economic development of a country and to
ensure communication and a good quality of life. However, road transport contributes
significantly to global warming and leads to serious degradation of the air quality. Among all
pollutants, fine and ultrafine particles, emitted by vehicles but also formed in the atmosphere
via the atmospheric oxidation of volatile organic compounds (VOCs) or intermediate-volatiles
(IVOCs), are considered as potentially toxic. Many toxicological and epidemiological studies
show that chronic exposure to fine particles promotes the development of respiratory and
cardiovascular diseases. Thus, according to Santé Publique France, 43,000 premature deaths
(or 9% of total deaths) are caused in France by fine particles and more than 47 million people
are exposed to annual average concentrations of PM,s exceeding the World Health
Organization (WHO) guideline value (annual average of 10 pg m?). The main gaseous
precursors, the atmospheric chemical pathways as well as the chemical composition and the
physical transformations that secondary organic aerosol (SOA) undergo in the atmosphere,
remain poorly understood. Despite recent research efforts and a considerable progress in the

past 15 years, the SOA remains the least understood aerosol species.

The main aim of this work was on one side to improve the knowledge about primary
pollutants emitted from Euro 5 and Euro 6 diesel and gasoline passenger cars and on the other
side to investigate the photochemical transformations of the VOCs/IVOCs emitted from these
cars. Passenger car emissions have been evaluated on a chassis dynamometer test bench at the
IFSTTAR laboratory. Regulated and non-regulated emissions have been investigated during
WLTC and Artemis driving cycles. Measurements intercomparison at the Constant Volume
Sampler (CVS) and at the tailpipe (equipped with FPS-4000 dilution system) indicated that
particle number concentration and size distribution were clearly affected by measurements
bias at the CVS due to cold and variable dilutions which promoted both nucleation and

condensation processes. These bias were particularly important for gasoline DI passenger cars.

Particle number measurements were carried out directly at the tailpipe. For GDI
vehicles PNg23 (< 23 nm) represented on average 20 -30 % of total particle number emitted,
while for diesel cars, this fraction was considerably lower (=10-15%). During high speed regimes
(Artemis motorway) of diesel passenger cars Diesel Particulate Filter (DPF) passive regeneration
was observed. These periods were characterized by a high particle number concentration; their
composition was mainly soot, bisulfate and some organic material. During WLTC cycle, Diesel
car showed in general, very low Black Carbon (BC) emissions. PM emitted from gasoline DI
passenger cars was mainly composed by BC in form of chains or/and agglomerates by some
organic droplets containing traces of sulfur, phosphorous, alkaline elements or heavy metals.

During cold start GDI cars do emit important concentrations of BC and organic material. The



organic fraction was mainly composed of unburned fuel and Polycyclic Aromatic Hydrocarbons
(PAHSs).

Emission of hydrocarbons has also been investigated. Gasoline DI emitted important
concentration of THCs during cold start. GC-MS analysis revealed that linear and branched
alkane/alkenes and BTEX were among the major emitted HCs with EFs reaching 10*ug/Km and
3x10° pg/Km, respectively. While diesel passenger cars were characterized by important
emissions of cyclic compounds up to 3x10> pg/km for, followed by oxygenated compounds and
alkanes/alkenes 4x10* pug/km. Among the aliphatic compounds, families until C;s have been

identified, confirming emission of heavier HCs from diesel cars.

The second aim of this work was the study of atmospheric degradation of selected VOCs
emitted from Euro 5 and Euro 6 vehicles and to determine the SOA formation potential of these
compounds under different environmental conditions. Among the measured HCs we selected
one compound as "model compound” for each chemical family: for example toluene for the
monoaromatics; naphthalene for the light PAHs; cyclohexane as cycloalkane and nonane as
model aliphatic alkane. The choice of the model compounds was supported by our own
measurements and previous literature on hydrocarbons speciation and quantification of car
exhaust. The chosen compounds have been photoxidized (alone and in mixture) in an Aerosol
Flow Tube (AFT) reactor in order to simulate VOCs atmospheric aging. The results suggest: (1)
aromatic and PAHs compounds, own highest potential to form SOA; (2) the temperature has an
important impact on SOA formation and yield; (3) the presence of pre-existing seed particles
has, in general, a positive effect on SOA formation and (4) NOx has been found to negatively
affect SOA formation; (5) SOA potential formation of VOC mixtures is highly influenced by the
fraction of aromatics. The gas and particle phase reaction products have been investigated.
Some of the products identified in the particle phase have never been previously reported.
Degradation of aromatic compounds under medium NOx regime produced nitro-aromatic
compounds identified both in the gas and particle phase. Those compounds are known to be
toxic and harmful for human health. Finally the partitioning coefficients and the volatility of
the major particle components have been evaluated at 7, 12 and 21 °C. A last series of
experiments consisted on real GDI exhaust emission photoxidation have been carried out.
Results suggest a quickly formation of SOA, accounting for a third of total OA after few "OH

exposure hours.

This PhD contributes to enrich the primary emissions database, still limited for Euro 5
and Euro 6 recent vehicles. The studies developed also confirm problem that can arise from a
bad sampling and measurement protocol (CVS-non PMP) and investigate aerosol emission from a
physical and chemical point of view. Speciation of non-regulated compound, especially those
that own large SOA formation potential, as aromatic or IVOCs, will help to better understand

atmospheric SOA budget. By last, the photoxidation study of primary VOCs (alone, mixture and



full emissions) will lead to a better comprehension of SOA formation, favorable conditions and
main VOC precursors. Chemical speciation of both gas and particle phase and the fact that
some toxic and carcinogenic compounds have been found put in evidence up to what level road

transport affects human health.

Key words: Emissions, Euro 5, Euro 6, gasoline, diesel, Particle matter, Volatile Organic

Compounds, Photoxidation, Secondary Organic Aerosol



Résume

Le secteur des transports est fondamental pour le développement économique d'un pays
et pour assurer la communication et une bonne qualité de vie. Cependant, le transport routier
contribue largement au réchauffement de la planéete et conduit a une grave dégradation de la
qualité de lair. Parmi tous les polluants, les particules fines et ultrafines, émises par les
véhicules mais également formées dans l'atmosphére via loxydation atmosphérique de
composés organiques volatils (COV) ou de volatilité intermédiaire (COVI), sont considérées
comme potentiellement toxiques. De nombreuses études toxicologiques et épidémiologiques
montrent que ’exposition chronique aux particules fines favorise le développement de
pathologies respiratoires et cardiovasculaires. Ainsi, d'aprés Santé Publique France, 43000
déces prématurés (soit 9% des déces totaux) sont provoqués en France, par les particules fines
et plus de 47 millions de personnes sont exposées a des concentrations moyennes annuelles de
PM; 5 dépassant la valeur guide de ['Organisation Mondiale de la Santé (OMS) (moyenne annuelle
de 10 ug m™). Les précurseurs gazeux, les principaux mécanismes réactionnels ainsi que les
transformations physiques que les Aérosol Organiques Secondaires (AQOS) subit dans
l'atmosphére restent incertains et sont a l'origine de sérieuses lacunes dans la compréhension
et dans l'évaluation des impacts de 'AOS. Malgré les efforts consentis au cours de la derniére

décennie, 'AOS demeure la fraction de ’aérosol la moins bien connue.

La présente étude porte principalement sur la caractérisation des polluants primaires
émis par les échappements automobiles et les transformations photochimiques des COV / COVI.
Les émissions des voitures ont été évaluées a l’aide d’un banc a rouleau au laboratoire de
UIFSTTAR. Les émissions réglementées et non réglementées ont été étudiées au cours des
cycles de conduite WLTC et Artemis. Les mesures d'intercomparaison au niveau du Constant
Volume Sampler (CVS) et de l'échappement (équipé du systeme de dilution FPS-4000) montre
que dans les CVS, en raison d’une dilution froide et avec des taux variables, des processus de
nucléation et de condensation on été observés. Ce biais était particulierement important pour
les voitures a essence. Les mesures du nombre de particules ont été effectuées directement au
niveau de l’échappement. Pour les véhicules GDI, PNg,3 (<23 nm) représentait en moyenne 20-
30% du nombre total de particules émises, alors que pour les voitures diesel, cette fraction
était bien inférieure (=10-15%). Lors des régimes a grande vitesse (autoroutier Artemis) des
véhicules diesel, une régénération passive de Filtre a Particules (FAP) a été observée. La
composition chimique et la morphologie des particules ont été étudiées en combinant les
résultats de spectrométrie de masse d’aérosol et de microscopie électronique a transmission.
Au cours de la régénération passive, les particules émises étaient principalement constituées
de suie, de bisulfate et de matiére organique. Au cours du cycle WLTC, de faibles émissions de

carbone suie ont été observés pour le véhicule diesel.



Les particules émises par les voitures essence a injection directe étaient principalement
composées de Black Carbon (BC) sous forme de chaines et/ou d'agglomérats et de gouttelettes
organiques contenant des traces de soufre, de phosphore, d'éléments alcalins ou de métaux
lourds. Pendant le démarrage a froid, les voitures GDI émettent des concentrations
importantes de BC et de matiére organique. La fraction organique était principalement

composée de combustible non briilé et d’Hydrocarbures aromatiques polycycliques (HAPs).

Les émissions d'hydrocarbures ont également été étudiées. Les véhicules GDI ont émis
des concentrations importantes de THC lors du démarrage a froid. L'analyse des cartouches par
GC-MS a montre que les alcanes/alcénes linéaires et ramifiés et que le BTEX figuraient parmi
les principaux HC émis. Les facteurs d'émission (EF) atteignant respectivement 10* pg/km et
3x10° pug/km. Alors que les voitures diesel étaient caractérisées par des émissions importantes
de composés cycliques allant jusqua 3x10° pg/km, suivies des composés oxygénés et des
alcanes/alcénes autour de 4x10* pg/km. Parmi les composés aliphatiques, des composés
jusqu’a la C45 ont été identifiés, confirmant ’émission d'hydrocarbures plus lourds par les

voitures diesel.

La deuxiéme partie de ce travail consistait a étudier la transformation atmosphérique
de certains COV émis par les véhicules Euro 5 et Euro 6 et a déterminer le potentiel de
formation de AOS de ces composés. Parmi les hydrocarbures mesurés, nous avons sélectionné
un "composé modeéle" pour chaque famille chimique: le toluéne pour les monoaromatiques; le
naphtalene pour les HAP légers; le phénol en tant que produit d'oxydation de premiere
génération des composes monoaromatiques; le cyclohexane pour les cycloalcanes et le nonane
parmi les alcanes aliphatiques. Le choix des composés modeéles a été supporté par nos propres
mesures et par la littérature précédente. Les composés choisis ont été photo-oxydés (seuls et
en mélange) dans un réacteur a tube a flux d'aérosol (AFT) afin de simuler le vieillissement

atmosphérique des COV.

Les résultats majeurs suggerent: (1) des composés aromatiques et des HAP représentent
les composés avec le plus fort potentiel de formation d'AOS ; (2) la température a un impact
important sur la formation et le rendement d'AOS ; (3) la présence de particules préexistantes
a un effet positif sur la formation d'AQS; (4) il a été constaté que la présence des NOx
affectaient négativement la formation d'AOS ; (5) la formation d'’AOS de mélanges de COV est
fortement influencée par la fraction de composé aromatique. Les produits de réaction en phase
gazeuse et particulaire ont été étudiés. Certains des produits identifiés dans la phase
particulaire n’ont jamais été signalés auparavant. La dégradation des composés aromatiques en
régime de NOx moyen a produit des composés nitro-aromatiques identifiés a la fois en phase
gazeuse et en phase particulaire. Ces composés sont connus pour étre toxiques et nocifs pour
la santé humaine. Enfin, les coefficients de partage et la volatilité des principaux composants

des particules ont été évalués a 7, 12 et 21 °C. Une derniere série d’expériences sur la



photoxydation des émissions réelles GDI ont été réalisées. Les résultats suggerent une
formation rapide d’AQS, représentant un tiers du total de U’AO apres quelques heures

d’exposition a I’*OH.

Cette these contribue a enrichir la base de données d’émissions primaires, encore
limitée aux véhicules récents Euro 5 et Euro 6. Les études développées confirment les
problémes pouvant résulter d’un protocole d’échantillonnage et de mesure incorrect (CVS-non
PMP). La spéciation des composés non réglementés, en particulier ceux qui possedent un grand
potentiel de formation d’AOS, comme les aromatiques ou les AOS intermédiaires, aidera a
mieux comprendre le budget atmosphérique d’AOS. Enfin, |’étude de photoxydation de COV
primaires (seuls, mélange et émissions complétes) conduira a une meilleure compréhension de
la formation d’AQS, des conditions favorables et des principaux précurseurs COV. La spéciation
chimique a la fois des phases gazeuse et particulaire et le fait que certains composés toxiques
et cancérogenes ont été découverts ont mis en évidence jusqu'a quel point le transport routier

affectait la santé humaine.

Mots clés: Emissions, Euro 5, Euro 6, essence, diesel, matiere particulaire, composés

organiques volatiles, photoxydation, aérosols secondaires organiques
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Context and State of the art






Chapter |

1.1. Road Transport Production and Evolution

The transport sector is fundamental to the economic development of a country and also
allows better communication between people, favoring their quality of life.['! The passenger
car represents the most used displacement mean through the world. The worldwide production
of passenger cars accounted for approximately 50 million vehicles in the 90’s and exceeded the
threshold of 78 million vehicles in 2016, ! see figure 1.1. The monotonic growth was slowed
down in 2008 and 2009 as a consequence of the financial crisis. A part from those years and
average growth in car production of 3-4 % is observed. Looking more in details regional

differences are important: China and South Asia show growth more than Europe and South

America.
World passenger car production IN MILLION UNITS, % CHANGE /2006 — 2017
@ Greater China @ Eurcpe @ Morth Amenca @ Japan/Korea South Asia @ South America @ Middle East/Afnica
%
: @

10
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Figure 1.1. World passenger car production, source : ACEA, 2018.

Figure 1.2. shows the importance of in use passenger cars in Europe with respect to
other countries. West European countries show higher motorization than in East European

countries where passenger cars older than 10 years account for 43% of the fleet in 2016.% In

2016 in France, more than 2 million of vehicles were registered./ In Europe, petrol vehicles
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already dominate market share over diesel in 2017 (49.4% vs. 44.8%).1%! Electric vehicles
account for approximately 1.8% of the market share. Registration have doubled (38.000
vehicles) in last 3 years.! Despite the effort of some European cities as Oslo, Madrid or London
to reduce traffic by limiting car access to downtown, road transport continues to be a major

source of pollutants in urban areas around the world.P!
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Figure 1.2. Passenger car in use.Source: ACEA pocket guide 2017-2018.

1.2. Primary emissions from road-transport

Emissions from road transport are particularly important in urban environment and
along some commercial axis where the number of vehicles is extremely high and pollutants can
be accumulated. These pollutants highly impact local and regional air quality and affect human
health. Figure 1.3. shows the contribution to main pollutants by anthropogenic sources in
Europe in 2016.! Road traffic emissions represent around the 40% of total Nitrogen Oxides
(NOx) emissions, 10% of total Non Methane Volatile Organic Compounds (NMVOC), 20% of total
Carbon Oxide (CO), 29% of total Black Carbon (BC) and 11% of Particle Matter below 2.5 pm
(PM2.5). In addition, vehicle emissions highly contribute to the increase of greenhouse gases
(GHGs). Some toxic species as metals (Pb and Cd) or Polycyclic Aromatic Hydrocarbons (PAHSs)
are also emitted. The important reduction in vehicle exhaust emissions achieved in the last two
decades is offset between the growth in traffic fleet and the introduction of aftertreatment
devices together with improvement of engines efficiency and use of cleaner fuels. Thus, a
reduction of approximately 80% is achieved for CO and NMVOC and around 50% for particles and

NOx. Nevertheless, Carbon dioxide (CO;) emissions from transport have increased by 17%
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between 1990 and 2014."! The next sections will be devoted to a detailed description of road

transport emissions.
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Figure 1.3. Emission of the main pollutants by sector group in Europe in 2016 (source: EEA, 2018).

1.2.1. Particles

Road transport is estimated to be responsible for up to approximately 11% of primary
emitted PM2.5 in Europe,!® and can reach 25% in urban areas.® Soot is a major component of
particle matter emitted from vehicles, coming from incomplete combustion. In an ideal case,
engine combustion will lead to the formation of water vapor and CO; only. In reality, unburned
carbon is also formed. PM emitted from road transport presents three main distribution modes:

nucleation, Aitken and accumulation. Formation of different modes is described in figure 1.4.
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Figure 1.4. Formation of nucleation, Aitken and accumulation particles mode during vehicle exhaust emissions
(source: Kittelson, 1998).

A first nucleation mode below 20 nm is typically formed by condensable material as
organic compounds and/or sulphates during dilution and cooling of the exhaust. The second
mode is around 60-100 nm, the so-called Aitken mode. This mode comprises fractal-like soot
particles and condensable material. The accumulation mode, with particles around 100-500
nm, can also be observed and comprises carbonaceous soot agglomerates and lubricant oil

droplets.

Road transport contributes to approximately 30% of the total BC emitted (figure 1.3.).
Both Gasoline Direct Injection (GDI) engines and Diesel cold start and regeneration periods can
emit a high fraction of soot.!” " The formation process of soot particles is shown in figure 1.5.
Soot formation can be regarded as a transition from the gas phase to the solid phase.!""! Firstly,
molecules as acetylene, single aromatics or PAHs are formed from fuel through a pyrolysis
process. Dimmers and tetramers provide next step in soot formation from PAHs. Further
process of nucleation and coagulation will form finest particles.!'"” After that, the soot
concentration increases as a result of adsorption of PAHs and as a result of particle surface
reaction (hydrogen detachment, carbon attachment), leading to a surface growth.!" Finally,

primary particles around 20-30 nm coagulate into large aggregates.
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Figure 1.5. Different steps in soot particle formation process. Source: combustion.mie. utoronto.ca.

Soot is defined as a complex mixture of elemental carbon (EC) and organic carbon
(0C),[" literature usually attributes the term soot or black carbon (BC) to elemental carbon
only.[™ In this manuscript | will use the terms soot or BC indiscriminately. EC is characterized
by non-functionalized and highly polymerized carbon atoms and it is considered to be
refractory (operationally it does not evaporate at temperatures around 700°C). The remaining
fraction is called organic carbon (OC), and evaporates at those temperatures or even lower.
The “Organic Matter” (OM) is defined by the sum of the OC fraction associated with
heteroatom as O, N, H... This latter can also be defined as Primary Organic Aerosol (POA). It is
emitted from both gasoline and diesel cars and it is thought to arise mainly from lubricants

motor oils ' " and unburnt fuel components.['®2%

In addition to the EC and OM, the particles emitted from vehicles may contain inorganic
species as sulphate (5047), nitrate (NO5) and ammonium (NH,") that can be in the nucleation
mode or in the accumulation mode or in agglomerates. Metals as nickel (Ni), zinc (Zn), cooper
(Cu), aluminium (Al), iron (Fe), sodium (Na) or potassium (K) can also been found in car
exhaust PM. Engine wear and lubricant oils/fuels are major sources of them.?"? After-

treatment system and exhaust line abrasion could be also an emission source.!?* 2!

1.2.2. Gaseous Pollutants

1.2.2.1. Carbon monoxide and dioxide

Carbon dioxide is the most emitted GHG accounting for 35.8 Gt in 2016 ! and
represents 75% of the total GHG emissions.?®! Major contributors are road transport, biomass
burning, house heating or electricity transformations. Transport is the only sector for which

CO, emissions have grown since 1990.%"! Nowadays, road transport is the largest source of CO,
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emissions in Europe, accounting for 1.200 Mt % which correspond to 73% of the total CO,
emitted from transport, while aviation and maritime transport account for 13% each,

respectively. At global scale, road transport represents 20% of total CO, emissions. "

The EU community aims at an average emission of CO, for light duty passenger cars of
95 g/km per vehicle for 2020, in agreement with the framework of the Horizon 2020 program.
Average emission of CO, from new passenger cars in 2016 was around 160 g/km (120 g/km in
laboratory test), still far of desired target.’ CO, emission is directly proportional to the
amount of fuel consumed by the engine. Thus, improvements in reducing CO, levels are related
with upgrades in engine efficiency, which is not an easy task; or by using renewable, low-CO,
fuels (with low carbon footprint).*? 33

CO is a highly undesirable co-product in the combustion process due to its toxicity. 4

As for the CO,, improving efficiency in engine will lead to its reduction. CO is formed mainly in
engines during low load of fuel and excess of air (incomplete combustion) and cases with a rich
mixture (leading to bad mixture of air and fuel). Other minor cases that entail formation of CO
are the extinguishing of the flame by contact with cold surfaces as cylinder walls or the

thermal decomposition of CO, at high temperatures inside the engine.* !

1.2.2.2. Nitrogen oxides

NOx are major pollutants from combustion sources and as seen in figure 1.3. the road
transport contributes to approximately 40% of the emissions. In 2014, global annual emission of
NOx from combustion and industrial sources was 129 Tg, 160% more than in 1960.5”) NOx are
produced in the engine from the oxidation of nitrogen present in the air at high temperatures.
As a result, nitrogen dioxide, nitric oxide and nitrous oxide are formed. Diesel is known to
produce higher amount of NOx since these engines work at higher compression rates and
combustion chamber temperature than gasoline engines.?® NO is formed through the reaction
between nitrogen and oxygen by the mechanism proposed by Zeldovich. Once NO is formed it
can be oxidized to NO, which participate to the photochemical smog, ozone formation, and to
secondary particle formation via conversion to nitric acid and hence, acid rain.® Nitrous oxide
(N,0) is emitted by vehicles as well. It has a global warming potential 296 times higher than
the CO,.

1.2.2.3. Sulphur dioxide

Sulphur dioxides (SO;) is emitted from vehicles upon oxidation of sulphur additives
containing in the fuels and the lubricant oils. Since diesel fuels generally present higher sulphur
content than the gasoline ones, diesel vehicles present higher SO, emissions.*”! The European

[40]

Union (EU) has regulated the maximum % of sulphur in fuels to 10 ppm since 2009 with an

consequent efficient and drastic reduction of road-transport contribution to SO, emissions. It is
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estimated that sulphur emission from road transport has been reduced by 95% since the year
2000 in Europe. Sulphur may poison the catalyst and cause its malfunctioning.'***! Sulphates
can also be adsorbed onto the Diesel Particulate Filter (DPFs) and then be re-emitted during

the regeneration process.

Nucleation is the dominant source of ultrafine Particle Number (PN) in the
atmosphere."*!! Nucleation occurs when a gaseous specie own a low vapour pressure at
atmospheric temperatures.*! Such molecule can easily condense over pre-existing surfaces
(heterogeneous nucleation) or form clusters with other molecules (homogenous nucleation).

Figure 1.6. summarizes the nucleation and the growth steps for sulphuric acid and water.

growth
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cloud
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Figure 1.6. Nucleation and growth processes for sulfuric acid and water from clusters to droplets. (Source:
Curtius, 2006)

The SO, is the most important precursor of particles in the atmosphere through
oxidation to sulphuric acid. Sulphuric acid is highly hygroscopic and readily forms adducts with
water vapour molecules (and if available ammonia) which may form clusters of 1-2 nm."®! The
clusters may overcome the nucleation barrier and finally form nucleating particles.” Sulphuric

acid can also undergo uptake into cloud droplets and contribute to acid rain.[*® *°]

1.2.2.4. Organic Compounds

Organic compounds are also emitted during combustion. Generally, vehicle emissions
related literature uses the term hydrocarbons (HCs) refers to molecules containing only C and
H; the term Volatile Organic Compounds (VOCs), often used in atmospheric context, defines
volatile organic compounds containing C, H and heteroatoms as O and N. In this manuscript we
will use most of this terminology. The organic compounds are formed in the engines by several

processes: incomplete combustion, flame extinguishing on the walls, insufficient evaporation of

9
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fuel, short-circuiting of fresh load, inadequate fuel/air mixture or leakage.® Since the
introduction of the oxidation catalyst in the exhaust line, the contribution of road transport to

THCs has been constantly reduced.

Figure 1.7. shows the chemical composition of diesel and gasoline fuel. As observed,
alkanes, cycloalkanes and aromatics largely contribute to the gasoline fuel mass speciation
while longer chain compounds including byclycloalkanes, trycycloalkanes, aromatics, branched
alkanes and some PAHs contribute to diesel fuel composition. These differences may have an

important impact in HCs emissions from the two engine types.

9
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Figure 1.7. Chemical composition of diesel and gasoline fuel by carbon number. (Source : Gentner, 2012)

Alves et al. P? reported THCs EFs in the range of 80-100 mg/km for Euro 3-4 and 20
mg/km for Euro 5 diesel vehicles during Artemis Urban cycles.™ The same authors reported
THCs EFs below 20 pg/Km for Euro 3-5 gasoline passenger cars. Fontaras et al.®'" reported
THCs EFs emissions for Euro 5 gasoline cars: in general during New European Driving Cycle
(NEDC) cycles all vehicles satisfied the regulation and showed emissions below 100mg/km, but
for Artemis Urban cycles one of the Gasoline Direct Injection (GDI) passenger cars reached 150
mg/km. Euro 5 diesel cars were also tested and THCs EFs were always below 20 mg/km."" Ko
et al.’” tested Euro 6 diesel passenger cars and reported THCs EFs below 70 mg/km at
different ambient temperatures. For Euro 5 GDI vehicles, Kohler et al.*! reported THCs of 24

mg/km in average during Worldwide harmonized Light vehicle Test Cycle (WLTC).

A complete assessment of organic compounds contributing to the total HCs emission is a
difficult task due to the large variety of species emitted. Ensberg et al.** provided emission
evaluation based on California fuel-sale data (13% diesel, 87% gasoline) and they reported
branched alkanes as the largest emitted family (37.3%) followed by single ring aromatics
(27.4%) and straight alkanes (7.6%). Alves et al.P% reported emissions of linear alkanes up to

Cyy and aromatic compounds for Euro 4 and Euro 5 gasoline and diesel vehicles. For diesel

10
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vehicles they found alkanes in a percentage of 38-46% while the aromatic compounds
represented 53-61% during cold start cycles and for vehicles with/without DPF.® For gasoline
Euro 5 vehicles, same authors reported that aromatic compounds represent the largest family
with 69-73% of the measured THCs emissions. Alkanes represent 23-27% while the oxygenated
compounds account for a small fraction (3%) during both cold and hot start cycles.™

Lu et al.’ recently published comprehensive organic emission profiles for mobile
sources by integrating tedlar bags, tenax tubes and quartz filters measurements of emissions
from recent vehicles. Figure 1.8. shows the volatility distribution (see section 1.5.3.) and the
carbon number of n-alkanes organic emissions for (a) gasoline (b) diesel vehicles.”” The
authors suggest the importance of aromatic compounds together with n/b-alkanes and alkenes
in the Cs-Cyo range for gasoline cars emissions, while for diesel vehicles small carbonyl
compounds and Cg-C;o seems to be the highly emitted. The measurements also indicate the
presence of long chains reaching Cy in diesel vehicles emissions.> Dunmore et al. recently
reported an increase from 23% to 61% of diesel-related HCs in wintertime when considering

hydrocarbons above C;s.
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Figure 1.8. Volatility/carbon number of n-alkanes for a typical (a) gasoline (b) diesel vehicles using quartz
filter, Tenax tubes and Tedlar bag. The red dashed lines indicate the particle fraction assuming Co, of 10
pg/m’ and 298K. (Source: Lu, 2018)
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Regarding gasoline emissions, two families of compounds have received a special
attention: the aromatics and the PAHs.® 8 Aromatic compounds are highly reactive and are
known to highly contribute to the formation of secondary aerosols and ozone.P* > The BTEX
(Benzene, Toluene, Ethylbenzene, Xylenes) is a sub-group of the aromatic compounds often
measured in fuels and car exhaust. The PAHs are aromatic compounds with more than one
benzenic ring and are found in fuels or can be formed during the combustion through the HACA
mechanism (H-abstraction + C,H, addition).!*” The lightest are often present in the gas phase
emissions (as naphthalene) while the heaviest are present mainly in the particle phase.

Other compounds emitted from modern gasoline and diesel passenger cars are small

oxygenated compounds. Martinet et al.F”]

reported emissions for acetaldehyde and
formaldehyde of approximately 0.1 mg/km for recent diesel vehicles. Suarez-Bertoa et al.[®"
reported emissions in the range 0.2-1 mg/km for acetaldehyde and formaldehyde during WLTC
tests for flex-fuel vehicles. Emission of these pollutants was found to be mainly linked to the
cold start of the cycle. Clairotte et al.’®” found important concentrations of formaldehyde,
acetaldehyde, ethanol, ethylene or hydrogen cyanide during NEDC cycle and they report higher

emissions when tests were performed at low temperature (-7°C).

By last, other compounds containing nitrogen atoms as ammonia (up to 165 mg/km),
isocyanic acid (up to 90 mg/kg fuel), nitromethane (up to 12 mg/km) or hydrogen cyanide (up
to 5.6 mg/km) have been measured in vehicle emission studies of recent gasoline and diesel
vehicles.>®® Such compounds are thought to come from secondary reactions involving NOx
species in the aftertreatment devices.!® Some of them as ammonia poses serious issues, being
an important precursor of new particle (nucleation together with sulphuric acid and water) and

being also toxic for human health. °!

1.3. Regulation and Control Strategies

1.3.1. Air Quality Regulations and European Emissions
Standards

Air quality refers to the condition of the air within our surrounding. Good air quality
relates to the degree which the air is clean, clear and free from pollutants. Air quality is
determined by assessing a variety of pollution indicators. Since the 70’s, European Union has
developed policies and standards in order to improve air quality. At the same time, the World
Health Organization recommends some air quality guidelines in order to assess the pollution
limits that ensure people health. Table 1.1. shows the Air quality standards under the Air

Quality Directive, and WHO air quality guidelines.

12
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Table 1.1. Air quality standards under the Air Quality Directive, and WHO air quality guidelines.

Pollutant Averqgmg Objective Comments WHO
period objective
PM2.5 One day 25 pg/m?
Calendar Limit value, 3
PM2.5 year 25 pg/m’ 10 pyg/m
Limit value, Not to be exceeded for more 3
PM10 One day 50 pg/m? than 35 days per year 20 pg/m
Calendar Limit value, 3
PM10 year 40 pg/m’ 20 pg/m
Maximum Target Not to be exceeded for more
03 daily 8h value, 120 than 25 days per year, 100 pg/m’
mean pg/m’ averaged over three years
Limit value Not to be exceeded more than
NO, One hour 3 18 times during a calendar 200 pg/m?
200 pg/m
year
Calendar Limit value, 3
NO, year 40 pg/m? 40 pg/m

The EU regulations contributed to relevant reduction of air pollutants between 1990
and 2015. Nevertheless, some air pollutants concentration is still high in urban environments.
In the period 2006 - 2015, between 8-16% of urban population in Europe has been exposed to
PM2.5 values exceeding EU limitations, while 82-97% of the population was exposed to
concentrations above the WHO guidelines values.® For some pollutants as ozone, NOx and fine

PM, the expected reduction in air ambient concentration has been below expectations.

Regulation of secondary pollutants, as it is the case for ozone and fine PM, is not
straightforward since a large fraction of the PM2.5 is produced via atmospheric processing of
reactive volatile and semi-volatile organic compounds ultimately forming secondary organic

aerosol (SOA).P# 7071

In order to reduce pollutant emissions from diesel and gasoline vehicles, European
Union introduced the so-called “Euro” standards. These legislations limit the emission of
tailpipe pollutants and from other sources on the vehicle, as evaporative emissions from the

fuelling system. Table 1.2. summarizes the European standards emission limits since 1993.

13
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Table 1.2. Evolution of emission limits for light passenger cars approved in Europe.

Standard Euro 1 Euro2 Euro3 Euro4 Euro5 Euro6b Euro6c Euro 6d
Year 1993 1996 2001 2006 2011 2015 2018 2019
Driving
test NEDC NEDC NEDC NEDC NEDC NEDC WLTC WLTC
DIESEL
RDE
compliance - - - - - - - 2.1
factor (NOx)
NOx - - 500 250 180 80 80 80
Cco 2720 1000 640 500 500 500 500 500
Emission
limits HC
HC+ NOx 970 900 560 300 230 170 170 170
Particle 45 100 50 25 5 45 4.5 4.5
mass
Particle 6x10"  6x10"  6x10"  6x10"
number
GASOLINE
RDE
compliance
factor 2.1 2.1
(NOx)
NOx - - 150 80 60 60 60 60
Erl‘:::f:;’" co 2720 2200 2200 1000 1000 1000 1000 1000
HC - - 200 100 100 100 100 100
Particle 5 45 4.5 4.5
mass
Particle 6x107  6x10"  6x10"
number

*All emissions limits are set in mg/km except the particle number which is set in #/km

Euro standards define the maximum emission values allowed for each pollutant per
kilometer under the official driving cycle and provide guidelines about the good conditions for
an appropriate measure of the pollutants. The Euro 1 standard sets the emission limits for CO,
particle mass and NOx + HCs for diesel cars and CO in case of gasoline vehicles. Since Euro 1,
others Euro standards have been introduced. Further Euro standards have led to further
reduction of allowed pollutants emission as well as the regulation of new pollutants. Thus,
nowadays, NOx, CO, HCs, particle mass and particle number are regulated. The current
standard is the Euro 6c standard, applied since September 2018. The emission limit values set
for Euro 6¢: 80 mg/km for NOx, 500 mg/km for CO and 170 mg/km for HCs+NOx for diesel
passenger cars and 60 mg/km, 1000 mg/km for CO and 100 mg/km for HC for gasoline
passenger cars. Diesel and gasoline vehicles have the same limitation with respect particle

mass (4.5 mg/km) and particle number concentration (6x10'"" particles/km).

In addition, the latest legislation defines new measurement methods via (1) the

introduction of new Worldwide harmonized Light vehicle Test Cycle (WLTC) in substitution of

14
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the New European Driving Cycle (NEDC) and (2) the introduction of a regulated protocol for
Real Driving Emission (RDE) tests for NOx emissions only.!”” 7% In addition to Euro 6 standards,
manufacturers are required to achieve the average fleet target of 95 g/km of CO, for new
passenger cars sold from 2021. The measure reliability and implementation of other compounds
as NO,, N,O, NHs, ethanol, formaldehyde and acetaldehyde has been tested by the United
Nation Organization commission.!”*! Therefore, the possible introduction of these pollutants in

further EU standards has to be considered.

1.3.2. Vehicle Emission Control

The reduction of emissions from road transport is clearly one of the priorities for
governments, which progressively introduced more restrictive regulations for emissions. Car
manufacturers have responded by introducing a series of in-engine modifications and exhaust
after treatment technologies, e.g. the Diesel Particulate Filter (DPF), Three Way Catalyst
(TWC) and NOx trap devices. However, recent cars are still poorly characterized, especially in
view of recently discovered manipulation practices. In-use aftertreatment technologies for

diesel and gasoline vehicles are described in this section.

Diesel vehicles are now equipped with a Diesel Oxidation Catalyst (DOC), a Diesel
Particulate Filter (DPF) and a NOx catalytic unit (Selective Catalytic Reduction (SCR) or NOx
Trap). All diesel vehicles own the direct injection system, what leads to higher combustion

74771 Gasoline passenger cars are equipped with a

performance but high particle emissions.
three-way oxidation catalyst (TWC) and new vehicles may own also a gasoline particle filter
(GPF) since particle number for gasoline cars has been regulated in the last Euro standards
update. The introduction of the particle number limits for gasoline vehicle is motivated by the
spread use of gasoline direct injection (GDI) engines, who leads to a higher number of particle

emitted than conventional gasoline cars.['® 78 7]

1.3.2.1. Diesel Oxidation Catalyst

This device is equipped with a two-way oxidation catalyst with the goal of reducing CO
and unburned HC emissions from diesel engines. Noble metals as Pt, Pd and Rh are generally
used as active phase of the catalyst deposited on an oxide mixture of Al,O; or CeQ,.!%

Figure 1.9. shows a scheme of the DOC.
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Figure 1.9. Working principle of a DOC. Source: Gil, 2015

In addition, the DOC system leads to the reduction of particulate matter by oxidizing a
part of the organic fraction present on soot particles.!®! The DOC effectiveness in oxidizing CO
and HCs can be observed at temperatures above ‘‘light-off’’ for the catalytic activity. Light-off
temperature is defined as the temperature at which the reaction starts in the catalyst and
varies depending on exhaust composition, flow velocity and catalyst composition. Another
inconvenient of the DOC is that the traces of sulphur coming from engine can be oxidized to

sulphur oxides and further sulphuric acid.®*

1.3.2.2. Diesel Particulate Filter

The main goal of the diesel particulate filter (DPF) is the removal of particle matter by
filtration. Figure 1.10. shows a scheme of working principle.

1. Pre-treated exhaust emissions 4. Pressure sensors 6. Filtration-cycle

2. Cross-section of filter-element 5. Temperature sensor A. Filtering phase

3. Function of filter-element B. Regeneration phase
7. Filtered exhaust emissions

Figure 1.10. Schematic DPF working principle. Source: Vauxhall.
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The filter consists of ceramic honeycombs, generally made on silicon carbide or
cordierite, whose pores are alternately clogged. Thus, the gas exhaust is forced to pass through
the channel walls while particles are retained there. The DPF can efficiently remove more than
95% of the PM.P” %1 Continuous soot deposition on the DPF’s walls forms a deep-bed “soot-
cake", which significantly improves filtration efficiency.® This can build up the pressure
leading to problems as loss of power, increase of fuel consumption, engine failure and stress on
the filter.®” ' To avoid excessive back pressure on the engine, regeneration of the
accumulated soot is periodically required, and it is commonly accomplished by an exothermic
reaction. The so-called "active regeneration” is initiated by the post-injection in the engine’s
cylinders during the late expansion stroke or directly in the exhaust line in order to generate

exothermic energy across the DOC.P"%]

Combustion of soot by oxygen requires temperatures above 600°C which are rarely
achieved in the exhaust of Diesel vehicles. DPF regeneration by decreasing temperature below
to 600°C is called “passive regeneration”. Soot combustion temperature can be reduced by a
catalytic washcoat deposited at inlet channels of the DPF to boost NO oxidation reaction into
NO, which can oxidize soot, called catalyzed DPF (cDPF).* ** Another common system, called
Fuel Borne Catalyst (FBC), is based on the addition of metallic salts or organometallic
compounds into the engine combustion chamber.®*®! Upon combustion, the additive produces
nanoparticles of metal oxides which are intimately mixed with soot particles and stored on the
DPF walls. As the regeneration process starts and the temperature rises, the oxygen of the
metal oxide catalyses the oxidation of the soot layer from around 550°C instead of 650-700°C

without any catalysts.

1.3.2.3. Selective Catalyst Reduction

The Selective Catalyst Reduction system has for objective the reduction of NOx in

diesel vehicles exhaust. Figure 1.11. shows the working principle of the urea SCR system.

[ AdBlue q (_'_lf\s -
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Figure 1.11. Working principle of the urea SCR system. Source: www.doosanequipment.com
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Urea (NH,-CO-NH;) is commonly used as ammonia source, which is the reducing agent
that converts NOx to N, and water. Urea is used since the direct use of ammonia presents some
problems related to storage and since ammonia is toxic and corrosive.””! However, in working
conditions, isocyanic acid (HNCO) can be formed from urea. Increase of HNCO means less

[100, 101]

ammonia formation and reduced NOx conversion, and also ammonia emissions have

been reported in the literature during cold start and DPF regeneration.™

The SCR technology presents a high efficiency and selectivity in the reduction of NOx in
atmospheres rich in oxygen, reaching values higher than 90% of conversion.['® %! However, at
low temperature, the removal of NO can be associated to the generation of other nitrogen
products as N,O or to the emission of ammonia not used in the catalyst.!"* %! Other secondary
reactions leading to formation of ammonium sulfate and ammonium nitrate can occur in the

SCR, producing catalyst deactivation.['% 1%"]

1.3.2.4. NOx trap

Figure 1.12. shows the NOx trap working principle. In this device, the adsorbers, which

are incorporated into the catalyst washcoat, chemically bind NOx during lean engine operation.

Storage under lean condition Reduction under rich condition
: Storage - Reduction
e O N, NH3, N,O Reductants (eg. H,)
Nox\ Ba(NO NO\
w_s NO, a(NO;), - NO, Ba(NO,),
Q- o —im
Al,0, Al,04

¢ NO oxidation to NO, ¢ NO, release from trapping sites
¢ NO and/or NO, sorption as ¢ NO._ reduction to N
nitrite or nitrate 2 o

Figure 1.12. Schematic working principle of NOx trap. Source: www.cjcatal.org

Then, NO is oxidized to NO, which further reacts to form barium nitrate. When the
adsorber capacity is saturated, the system is regenerated during a period of rich engine
operation, and released NOx is catalytically reduced to nitrogen. NOx adsorbers also require

periodic desulfation, to remove sulfur stored in their washcoat.
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1.3.2.5. Three Way Catalyst

The main goal of the three way catalyst (TWC) is the removal of CO, HCs and NOx from
gasoline exhaust. The system is mainly formed by two sections, the first dedicated to reduction
reactions, the second to oxidation. In total, three major reaction pathways occur in the three
way catalyst: oxidation of CO to produce CO,; oxidation of HCs to produce CO, and water
vapour; and reduction of NOx to form molecular nitrogen (N;). Figure 1.13. shows a scheme of

the three ways catalyst.
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Figure 1.13. Working principle of a TWC (left) and NOx, CO and HC conversion on TWC depending on air to
fuel ratio (right). Source: www. ac.umicore.com/en/technologies/ three-way-catalyst/;
http://www.meca.org/resources/ featured-article

The catalytic rack consists of ceramic honeycomb monoliths. Surface of coating layer is
composed of noble metals (Pd,Pt,Rh) while walls are coated with aluminium and ceria oxides.
['%8] |n order to achieve a good conversion, the exhaust gases must be always very close to
stoichiometric conditions for combustion reaction (ideally 14.6) (Figure 1.13.).1'%! If air/fuel
ratio is much higher (lean conditions), NOx removal efficiency decreases. On the other hand,
ratios lower than 14.7 (rich conditions) leads to low oxidation efficiency, thus, poor conversion
of CO and HCs.!"”! Secondary reactions in the reduction catalyst lead to formation of ammonia
and N,O. High conversion efficiency in the TWC is achieved after warm up phases of the

engine, therefore under cold conditions, important emission of pollutants is observed.’* 1%

1.3.2.6. Gasoline Particulate Filter

One of the reasons to limit gasoline vehicles PM emissions is the market large number of

gasoline vehicles owning the Direct Injection (GDI). GDI engines have higher fuel economy

[78, 111, 112]

compared to the port fuel injection (PFl) engines. As a result, GDI sales highly

increased in the last years, reaching 50% of the gasoline sales in 2017."" "l However, GDI

vehicles do emit higher particle concentrations than the traditional PFI vehicles.['" "¢
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In the GDI engines, the injection is located at the top of the cylinder right at the
combustion chamber, while the injection in the PFI engines takes place right at the manifold
runners before the valves. The direct injection leads to an incomplete fuel volatilization,
partially fuel rich zones, and impregnation of fuel to piston and cylinder surfaces. All these
issues favor the increase of particulate emission.!""""""! Generally, GDI passenger cars do not
respect the particle number limitation imposed by Euro 6.1 As a consequence, car
manufacturers have been forced to introduce a gasoline particule filter (GPF). The filter will be
essentially passive.l'”™ Thereby, the risk of uncontrolled rise of temperature is very low.
Generally, GPFs are made of cordierite, the same material as the three-way catalysts and
diesel oxidation catalysts, which is a lighter and cheaper material than the silicon carbide,

generally used for particulate filters Diesel,['"''?!

1.3.3. Emission models and inventories

Models for predicting emissions represent a cost effective alternative to direct

measurements.!'*

I Emission models are based on empirical emission data, and they provide an
ensemble of emission factors (EFs). To accurately reflect real world emissions, it is important
to take into account vehicles type and driving conditions. In order to get a permanent network
of mobile emissions and inventories, the European Research group on Mobile Emission Sources
(ERMES) was founded in 2009. ERMES is composed by stakeholders that include laboratories,
vehicle emission modelers, industry representatives and European commission. ERMES
organization developed two major models leading emissions in Europe: COPERT and Handbook

Emission Factor for Road Transport (HBEFA).

COPERT model ™! is the main road transport emissions model of the Atmospheric
Emission Inventory Guidebook (AEIG) and it is used by several European members state to
compile their official national inventories of emissions. Estimation of emissions is divided in
three sections: emissions produced during thermally stabilized engine operation (hot
conditions), excess emissions occurring during engine start from ambient temperature (cold-
start and warming-up effect) and non-methane volatile organic compound (NMVOC) emissions
due to fuel evaporation. Total emissions are calculated as the combination of vehicle fleet and
activity data selected by the user and the libraries of emissions factors included in the
models."””! HBEFA model is used at low scales compared to COPERT, and requires more
detailed traffic data inputs. The emission factors depend on “traffic situations” while in
COPERT are related to speed. Both models account for an extensive amount of vehicle emission

tests, and they provide emission factors for a comprehensive set of vehicle categories.
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1.4. Impacts of road transport emissions

The impacts of pollution from road transport can span different spatial scales. Local
and regional scale is usually related to pollutants with short lifetime and close to the
sources.['"” The minimization or reduction of these impacts can be carried out in the short
term with the appropriate local reduction measures.['"® Worldwide impacts are produced by
pollutants with long lifetime that accumulate in the atmosphere. The mitigation of such
impacts must be considered in the medium-long term with policies and measures at global

scale.

1.4.1. Air quality, environmental and ecosystem impacts

Human health, plants, animals and natural resources are threatened when pollution in
the air reaches high concentrations. Air pollution is often associated to haze or photochemical
smog produced by a mixture of both primary and secondary pollutants.['” % Figure 1.14.
shows the decrease of visibility in Paris during an episode of photochemical smog. The
reduction of visibility occurs when sunlight hits particles.!"" 32 Under high humidity and weak
wind conditions, fine droplets can be formed and low visibility episodes can remain for

days [133, 134]

‘*‘Y‘?l?-’-‘ T

|

Figure 1.14. Difference between a haze and clean day for Paris city. (Source: Guay et Tribouillard, AFP)

Formation of ozone and secondary particles will be further developed in section 1.5.,
briefly, reactions involving HCs, NO, NO, leads to an increase of O; levels and secondary
particles formation. Especially worrying is the situation of cities in valleys where the pollution

builds up during weak wind conditions.['*"]
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In urban environments, some compounds can alter materials and degrade
monuments."*! Sulfuric acid, formed upon oxidation of SO,, corrodes and blackens buildings
(1351 and participate to the formation of acid rain, which produces acidification of forest and
watercourses.*! Even if the acid rain issue has been solved in Western Europe and USA; it is

still an important environmental problem in many countries as China and India.!"**

Plants are also affected by air pollution. Necrosis, impaired growth or diminished
resistance are some of the derived issues.!** 3”1 Tropospheric ozone causes risk to food
production through crop damages.!"*® Emission of nitrogen oxides and further transfer to the
aquatic ecosystem produces eutrophication.!"® ™ This high-level of nutrients increases the
algae bloom, affecting the ecosystem.!"" Wildlife is also affected by toxic pollutants. Thus,
animals can suffer of health problems due to long exposition of pollutants, leading to birth
defects, reproductive failure and various diseases.!"? Finally, deposition of pollutants as
metals on vegetation, soil or water surfaces produces biomagnification. This process often
refers to the build-up of toxic substances such as pesticides or heavy metals into lakes, rivers
and the ocean, and then move up into the food chain in progressively greater concentrations as
the substances are incorporated into the diet of aquatic organisms such zooplankton, which in
turn are eaten by fish, which then may be eaten by bigger fish, large birds, animals, or
humans. The substances become increasingly concentrated in tissues or internal organs as they

move up the chain.

1.4.2. Climate impacts

Radiative forcing or climate forcing is defined as the difference between the solar
radiative energy absorbed by the Earth and energy radiated back to space. A positive radiative
forcing is characterized by a global heating of the atmospheric system while a negative
radiative forcing means a global cooling of the atmospheric system. The natural equilibrium
between incoming/outcoming radiation allowed life on Earth by stabilizing an average
temperature around 15°C. Figure 1.15. shows the contribution of individual pollutants to the

global radiative balance since pre-industrial times.
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Figure 1.15. Radiative forcing in 2011, source: IPCC, 2013 (Values are global average radiative forcing. The
best estimates of the net radiative forcing are shown as black diamonds with corresponding uncertainty
intervals; the numerical values are provided on the right of the figure, together with the confidence level in
the net forcing (VH - very high, H - high, M - medium, L - low, VL - very low).

Anthropogenic activities contribute to a considerable increase of greenhouse gases
(GHGs) as CO,, CH4, N,0 and ozone. CO; alone contributes to a positive radiative forcing (RF) of
1.7 W/mz, methane follows with a contribution of almost 1 W/mz, while N,O and CO are
associated to a RF of 0.2 and 0.25 W/m?, respectively. The emissions of NOx are rather related
to a negative RF of -0.24 W/m?* due to the formation of nitrate particles. Atmospheric particles
and clouds also play an important role in the terrestrial climate system. A schematic
representation of the radiative interaction particle-cloud with solar radiation is presented in

figure 1.16.
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Figure 1.16. Interaction between solar radiation and particles.

Atmospheric particles and clouds also play an important role in the terrestrial climate
system. A schematic representation of the radiative interaction particle-cloud with solar
radiation is presented in figure 1.16. Aerosols can directly interact with the incoming solar
radiation (direct effect) and depending on their optical properties they can diffuse the
radiation back to the atmosphere (cooling effect) and/or absorb the incoming radiation
(heating effect) as it is the case of BC particles. Reflection and absorption of solar radiation by
particles strongly depends on their composition, shape and concentration. The direct effect
accounts for -0.9 W/m?. Particles can modify the physicochemical properties of clouds acting
as cloud condensation nuclei (CCN) onto which water droplets are formed. Hygroscopy
particles, as sulfates or sea salt may be good CNN precursors. But if a polluted atmosphere
contains light absorbing particles (as soot) which enter the cloud, local heating may occur and

partial evaporation of the cloud is observed (semi-direct effect).

The increase CCN number in a polluted atmosphere can lead to the formation of a high
number of cloud droplets of smaller size (since the water vapor available is unchanged). This
will increase cloud scattering and finally leads to a cooling effect.!'"*! (1st indirect effect). A
second indirect effect is linked to the increased lifetime of the cloud and reduced precipitation
for clouds containing a high number of CCN and small cloud droplets. The aerosol-cloud
interaction contributes to the RF with approximately -0.5 W/m? but remains nowadays the

most uncertain contribution to the global radiative balance of the planet.

1.4.3. Health impacts

One of the biggest issue related with road transport is its contribution to air pollution in
urban environments. Air pollution is one of the first five likely causes of mortality in Europe ['**
I and among all pollutants in the urban atmosphere, particulate matter (PM) below 10 pm
presents high toxicity.”””! Health impacts can vary from irritation of eyes, respiratory problems,

asthma or cardiovascular issues to cancer. Many epidemiologic studies have already
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demonstrated the relationship between particle matter exposure and appearance of diseases at
short and long term.[" "% Other studies have also shown that people living in polluted
locations die prematurely, compared with those people living in areas with low levels of
pollution.[" Kampa et al.['"®" reported that 80% of premature deaths due to particle exposure
are caused by cardiovascular problems. Other diseases leading to premature death are stroke,
chronic obstructive pulmonary disease, lung cancer or acute respiratory infections in children.
According to a recent study, 9% of premature deaths in France are linked to fine particles, the
third leading cause of death behind smoking and alcoholism.["® The Global Burden of Disease

(GBD) estimates the number of premature death by PM2.5 exposure in 4.2 millions in 2015.

New information about adverse health effects associated with particle exposure comes
to light every year: Jedrychowski et al.['"®! reported impact during pregnancy affecting fetal
growth, the WHO report effects on the newborns health, and a limited development of

cognitive abilities;!"™ Carré et al.["*™ and Frutos et al.l"!

alerted about the effect of fertility
caused by fine particle exposure, while another work related fine PM to the increase of
diabetes,™ 8 and asthma during childhood and adolescence.[™™ "% Other diseases and
problems as DNA damage, oxidative stress, Alzheimer, lung tissue or brain damage are also
associated to particle exposure.['®""'*”! The International Agency for Research on Cancer (IARC)
has classified air pollution as carcinogenic to humans since 2013. Diesel engine emissions were
evaluated separately and were also classified as carcinogenic due to its high risk of lung cancer
in 2012.1'%% %1 Figyre 1.17. shows an example of alteration in children lung’s (airways

macrophages) when affected by particle inhalation.

Figure 1.17. Airway macrophages from healthy schoolchildren in Leicester, UK; a) non-affected by particle
inhalation, b) affected by particle inhalation. (Source: Kulkarni, 2016).

Health issues related to PM inhalation depend on several parameters as exposure time,
particle size and particle composition. Particle size is a key parameter because it governs the
deposition within the respiratory system and because size is directly linked to chemical
composition and source.!"’® Figure 1.18. shows which part of the human body is affected by

particle inhalation depending on PM size.
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Figure 1.18. Schematic overview of the particle size and related body affection Source: SCOR, 2018.

Largest particles, up to 10 um are blocked by the respiratory human system, and cannot
pass beyond the nose and throat. Particles from 2.5 pm to 10 nm reach the deep levels of
pulmonary system and are deposited on the alveoli where the lifetime could be even one
month.!"" 72 The ultrafine particles, PM below <100 nm, have the ability to cross the
biological barriers, and pass into the bloodstream and be distributed around the body, reaching

[165, 173-175

also the brain. I Some metals presented in PM from traffic emissions as zinc, cadmium

or nickel are toxic, and can affect the nervous and immune systems, and ultimately, induce

cancer.[76 177]

Apart from PM, some of the gaseous pollutants emitted from vehicles affect human
health. CO cause impaired oxygen delivery. Inhalation can cause coma or death.!'"”® NO and
NOx are irritating for respiratory tracts, both gases have been associated with respiratory
diseases.!"””! SO, causes respiratory problems "*" and can induce cancer.!™® In addition, some
of the emitted VOCs are considered carcinogenic, like formaldehyde ['®" or benzene !"® while
toluene produce irritant effect on the skin, eyes and respiratory system. Some PAHs are
considered carcinogenic as well.'"®! They can cause decrease in the level of red blood cells,
damage to bone marrow, haemorrhages and damages to the immunitary system as well.!'88¢]
By last, some of the oxidized products from primary VOCs are carcinogenic as well, as for

example some nitro aromatic compounds. ¥ 188

1.4.4. Economic impacts

Atmospheric pollution entails significant economic costs to the society as a result of the

health impacts on humans and the productivity losses. As previously seen, pollution can also
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affect the productivity of crops, reduce the number and size of forests or change the
natural ecosystems through acid rain or global warming processes, which leads to economic
impacts as well. Due to the difficulty to account for direct and indirect costs caused by air
pollution, many costs are still unacknowledged, unaccounted, non monetised and remain
outside the domain of public policies evaluation.['®! Estimations based in a market-based
model from the Organization for Economic Cooperation and Development (OECD) set the costs
associated to air pollution to a 1% of the total European Gross Domestic Product (GDP) for the
year 2060, what means around 185 billion of euros.'® This model takes into account lost of

labour productivity, health costs and diminished agricultural yields.

1.5. Secondary pollutants

Apart from the direct impacts derived from primary pollutants emitted from road-
transport, some compounds can participate to a complex interplay of chemical and physical
processes resulting in the formation of secondary pollutants. NOx and VOCs are precursors of
ozone and secondary organic aerosol (SOA). While ozone formation is in general well
understood, formation of secondary aerosol remains unclear. The influence of atmospheric
parameters on reaction mechanisms that involve the generation of particles still presents some

uncertainties leading to inaccurate estimation of SOA budget in atmospheric models.

1.5.1. Ozone and SOA formation

Formation of tropospheric ozone occurs in the presence of NO; and VOCs. Firstly, NOx
photolysis forms ozone that can further photolyse and form the °OH radicals. The main

reactions involved are listed below.

NO, + hv (300 < A < 420nm) - NO + 0°(3P) [1.1]
0°CP)+0,+ M -0;+ M [1.2]

0; + NO - NO, + 0, [1.3]

03 + hv (1 < 310nm) - 0°(*D) + 0,(1Ag) [1.4]
0°(*D) + H,0 - 2 "OH [1.5]

Ozone can also reacts with NO to form again NO2.!'""" The cycle described from
equations 1.1. to 1.5. is null and no net ozone is formed. In the presence of VOCs, however, NO
preferably reacts with RO;* radicals (formed from VOCs) rather than ozone (equation 1.8.)
leading to NO; formation and then ozone.l""? '3 In polluted areas (high NOx) the titration of

NO; by the hydroxyl radical becomes competitive and forms HNOs. This reaction can therefore
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remove the main ozone precursors from the environment. This is why in areas with very high

NOx emission ozone is often lower than in areas of lower NOx level.

The hydroxy radical reaction determines the gas phase oxidation occurring in the
troposphere, both in clean and polluted areas. The *OH concentration is highly variable and
depends strongly on the solar flux, ozone and HONO concentrations and the levels of
hydrocarbon species.['** 1] The overall photo-oxidation sequence of a VOC with *OH radicals is

illustrated in Figure 1.19.

~CHID, N0,

Alkyl radical
ROOH o, RO,NO,

Hydmpemxyde‘w T S T Peroxynitrate
Y RO,
: 2 :

radical,, ...

ROH o RONO,
Alcohol Nitrate
Low NOx pathway High NOx pahtway

RO
= Alkoxy H
7 b, fodieal F Decompasition
R=0 lsomernzation
Cartronyl K
Carbonyl + alkyl radical
R
Hydroxycarbonyl

Figure 1.1. Simplified scheme for VOCs degradation. (Source: Hallquist, 2009)

The reaction mechanism occurs via H-abstraction (saturated compound) or OH-addition
(double bond or aromatic compounds) and leads to the formation of an alkyl radical that

rapidly reacts with atmospheric oxygen to form an alkylperoxy radical (RO;").
RH + OH* — R* + H,0 [1.6]

R*+ 0, - RO; [1.7]
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The RO radical can undergo different reactions depending on the amount of NOx
present in the atmosphere. Generally, we refer to low NOx regime when VOC/NOx ratio is
higher than 8 and high NOx regime when VOC/NOx ratio is lower than 8.'°1 The NOx regime
will determine the mechanism of VOCs removal as shown in figure 1.19. Under high NOx

conditions formation of alkoxy radical is favored.
RO; + NO - RO* + NO, [1.8]
RO; + NO — RONO, [1.9]

Then, the alkoxy radical can further react with O; to form a carbonyl compounds, it can
decomposes by breaking of the C-C bond which produces smaller alkyl radicals and carbonyls or
it can isomerizes by internal H-rearrangement forming hydroxy-carbonyl compounds.!'?¢ 1971
This last pathway generates polyfunctional products of lower volatility than the parent

compound.

If the VOCs degradation takes place in low NOx atmosphere, the alkylperoxy radical

mainly reacts with HO;" radical or with another RO;* radical:
RO; + HO; — ROOH + 0, [1.10]
RO; + RO5; = RO* + RO* + 0, [1.11]

First reaction leads to formation of hydroperoxyde (which can readily photolyse) while
the second leads to formation of alkoxy radicals, and further formation of alcohols (ROH) and

carbonyls compounds (RO) (figure 1.19.).

The hydrocarbons can be compared in terms of Ozone Production Potential (OPP),
defined as the change in photochemical ozone production due to a change in concentration of a
particular VOC. The OPP evaluation is complex, it may be determined by photochemical model
calculations or/and by laboratory experiments. Different photochemical model calculations
indicate that substantial reduction of YVOCs and NOx emissions (more than 50%) are necessary,
in order to achieve significant ozone reduction.['%82001 As road transport simultaneously emits

VOCs and NOx, it is considered an important source of ozone.

Wood et al.?°"l investigated ozone formation in gasoline vehicle and reported a
contribution of ozone formed for each family species: 39% from alkenes, 24% from aromatics,
20% from alkanes, 10% from oxygenated and 7% from carbon monoxide. Figure 1.20. shows the

OPP modeled for gasoline, diesel and non-tailpipe gasoline.
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Figure 1.2. Ozone production potential for gasoline, diesel and non-tailpipe gasoline. (Source : Gentner,
2013)

Gentner et al.”'l modeled the OPP using the SAPRC-07 chemical mechanism and the
speciated composition of the fuel and reported highest OPP for gasoline followed by non
tailpipe gasoline emissions and diesel exhaust. For gasoline and diesel exhaust, alkenes,
followed by single aromatic ring show the highest OPP, while branched alkanes have the

highest OPP for non-tailpipe gasoline emissions.

During the atmospheric aging (figure 1.19.), VOCs are oxidized leading to molecules
with higher oxygen content and lower volatility (isomerization and oxygen addition of alkoxy
radical pathways). Therefore, the initial VOCs are progressively converted to Semi Volatile
Organic Compounds (SVOCs), Low Volatility Organic Compounds (LVOCs) and Extremely Low
Volatile Organic Compounds (ELVOCs) that can then partition on pre-existing particles forming
SOA. The oxidation processes occurring on secondary and tertiary reaction products are key

steps in the understating of SOA formation.[2%Z]

SOA represents an important fraction of the total OA.[203 2041 At global scale, secondary
organic aerosols are formed from a variety of VOCs coming from both natural and
anthropogenic sources. In troposphere, biogenic species as isoprene and terpenes (limonene,
pinene...) represent more than two third of total emitted VOCs.!2%! Figure 1.21. shows the

simulated worldwide concentration of isoprene and anthropogenic VOCs.
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Figure 1.3. Simulated annual mean surface concentration of (a) anthropogenic VOCs and (b) isoprene.
(Source: Spracklen, 2011)

It is therefore expected that SOA from biogenic compounds will dominated over SOA
derived from anthropogenic precursors.[2%! Although in highly polluted areas, anthropogenic
emissions mostly due to combustion process (road traffic, industrial production and biomass
burning), may overcome biogenic emissions, at least in some period of the year. And contrary
to what was thought a couple of decades ago, secondary particles formed in the atmosphere
through physical and chemical processes dominated the fine fraction of the aerosol in urban

and polluted environments.>4 78, 207-210]

1.5.2. Influence of Atmospheric Parameters for SOA formation

Formation of secondary organic particles depends on several parameters as the VOC,
the type of oxidant and the meteorological conditions as humidity and temperature. The ability
of a precursor to form SOA is usually described by a fractional aerosol mass yield, which is the
product of the mass of aerosol formed divided by the mass of VOC reacted.?'"]

COA

SOAYield (%) = AVoC

100 [1.12]

where Coa represents the concentration of SOA formed (pg/m?3) and AVOC represents
the consumed VOC (pug/m?3). Temperature, humidity, NOx concentration or seed surface will
affect the amount of secondary particle formed. SOA yield has been the main focus for many
studies in the last 10 years, presenting values that widely vary for the same VOC depending on

the chosen experimental conditions.

The temperature is considered an important parameter during SOA formation process,
driving important changes in aerosol mass loading for small temperature variations.?'? 213l
However, most simulation chambers present difficulties to perform temperature dependence
studies. Thus, temperature sensitivity has received less attention that what it deserved. In

general higher SOA yields are reported at lower temperature for toluene, m-xylene and 1,2,4-
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trimethylbenzene, as well as for n-undecane, n-dodecane and alpha-pinene.?'* 2151 A decrease
of a factor 2-3 in SOA yield is reported when temperature increases from 283 K to 303 K.[2'4
During toluene photoxidation, a SOA yield 80-120% higher for experiments at 11°C compared to
the ones at 32°C has been reported.['®! Temperature largely affects gas/particle partitioning

[211] (see further details in chapter V).

The influence of seeds has also been widely investigated.?'-2%] |n general, all studies
agree that the presence of seed favors condensation of the gas phase, and hence, increases the
SOA mass loading. Ng et al.[?2] did not found any evidence of increased SOA for acidic seeds. A
recent work carried out experiments at high and low NOx levels and reported that acidity of
seed strongly enhanced SOA formation at high NOx but had little or no effect at low NOx.[2%’]
All studies agree that SOA yields are higher at low NOx regime, [216 218, 219, 228-230] g;ggesting that
reaction products formed in these conditions are less volatile than those formed under high

NOx conditions.

Relative humidity (RH) seems to be another important parameter for secondary organic
aerosol formation in atmosphere. The RH determines the amount of water present in the
system and could influence some heterogeneous on bulk reactions during SOA growth.[2312331 A
recent toluene photoxydation experiment investigated SOA yield and its chemical composition
varying humidity from 2% to 75%.1234 The results indicated a significant reduction in the mass of
SOA and in the fraction of oligomers present in the particles for high RH.!234 But in general, for
monoaromatic VOCs, in the presence of hygroscopic seeds, SOA vyield increased at high RH
conditions 22", 235238 due to the fact that some low volatile compounds, as functionalized
aldehydes, can easily partition into deliquescent seeds and react with water forming gem-
diols.”*) Faust et al.!*3”] used ammonium sulfate effloresced seed (water content = 0.2 pg/m?3)
and deliquesced seed (water content = 20 pg/m?) and found 13% and 19% enhancement of SOA

yield in the case of deliquesced seed for alpha-pinene and toluene photoxydation, respectively.
1.5.3. Gas-particle partitioning theory

The theoretical fundaments that describe the partitioning of organic compounds between
gas and particle phase was developed first by Pankow **1 and then extended by Odum et

al.?""l The equilibrium between the two phases is described by a partition coefficient, K,

(m*/pg):

C., :
Ky =——2— [1.13]
Cg,i ' CTSP

Where Cp,; and C,,i are the particle and gas phase mass concentrations, of an organic
compound i respectively and Crsp is the total suspended particulate mass concentration. The

three parameters are expressed in pg/m?3. Odum et al.[?'"l show that the mass transfer from the
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gas to the particle phase for a determinated compound increases with the total aerosol mass

concentration. The mass fraction ¢ of a compound i in the aerosol phase is given by:

Cp,i

CCpit+Cyi 1+K,;-Crep

Ky - Crsp

(G [1.14]

Figure 1.22. shows the evolution of the mass fraction ¢; as a function of K for different

concentrations of the organic aerosol.
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Figure 1.4. Effect of total organic mass (Cos) over condensed fraction (¢) of a specie i, as a function of the
partition coefficient (Kp,i). (Source : Aladro, 2013)

The partitioning coefficient, K,, is linked to the vapor pressure through the equation

below [2401:

K. = 760-R-T [1.15)
it 106 - Xi® Pi,sat ' MW,av -

where R is the perfect gas constant (8.2 x 10> atm m? / mol K), T is the temperature
(K), Pisat is the saturate vapor pressure of species i, (Torr), yi the activity coefficient of particle
phase and My,av is the average molecular weight of the organic aerosol (g/mol). As observed,
the partitioning coefficient depends directly on the temperature. There is also an indirect
relationship with the saturated vapor pressure, which is related to the temperature by the

Clausius-Clapeyron equation:

—AH,,,; (1 1
Pi,sat(T) = Pi,sat (Tref) T exp [ Rvap.L : (? - T f)] [1.16]
re

where AHyap,i is the vaporization enthalpy of species i , namely, the amount of energy
needed to evaporate a substance from a temperature T to a temperature T. The equations
above show that the gas/particle partitioning depends also on the physical and thermodynamic

properties of the species, as the molecular weight and the vaporization enthalpy.

The volatility of a chemical species is often expressed through the saturation

concentration, Ci'(ug/m?®) 241 defined as the inverse of the partition coefficient:
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1
;= [1.17]

Kp,i

Based on this saturation concentration, a standard nomenclature has been developed
[242] and five volatility ranges has been established. Looking at the saturation concentration
(Ci'), Extremely Low Volatile Organic Compounds (ELVOCs) are characterized by Ci* lower than
3.2 x 10* pg/m? and are present only in the condensed phase under atmospheric conditions.
Low Volatile Organic Compounds (LVOCs) have Ci* values between 3.2 x 10“ and 3.2 x 10"
pg/m3; Semi Volatile Organic Compounds (SVOCs) have Ci* between 3.2 x 10" and 3.2 x 10?
pg/m?3; Intermediate Volatile Organic Compounds (IVOCs) have Ci* values between 3.2 x 10% and
3.2 x 10 pg/m? and for Ci*larger than 3.2 x 10® pg/m?3, the compound is consider as a Volatile

Organic Compound (VOCs).

One of the first models based on laboratory experiments was the so-called “two
products”.2'"l The model links the partitioning theory of Pankow with the SOA yield (Y) and
SOA mass formed (Cop). For different conditions, the representation of the SOA yield values
versus SOA masses formed is known as “SOA formation yield curve” (Y vs Coa). Using the
partitioning theory, the model is able to adjust the final yields from two hypothetical
semivolatile products according to the following expression:

a - Ky q az - Kp,

Y= Coy-
04 1 +Kp’1 " COA 1 +Kp'2 - COA

[1.18]

Being a and K the stoichiometric and partitioning coefficients, respectively, for
hypothetical products 1 and 2. The formation of the two semivolatile species (SVOC; and
SVOC,), depends on their stoichiometric coefficients a; and the further condensation onto the

particle phase, governed by the partition coefficients (Kp,i).

Using experimental Y and Coa data, it is possible to adjust the four parameters in order
to represent SOA formation. The addition of more products did not improve the fit to the yield
obtained experimentally. The “two product” model has been used by many authors in
laboratory and model works.[2!"> 218, 243, 2441 The model, nevertheless, does not take into account
the kinetics of both gas and/or aerosol phase processes, that involve reactions in condensed
phase and/or second generation products formation. Another limitation is that the model could
find problems to properly represent real atmospheric conditions, as example, temperature or

Coa sometimes are far from the chamber conditions on which model are based.

1.5.4. The Volatility Basis Set (VBS) approach

More recently, the Volatility Basis Set (VBS) approach was developed by Donahue et
al.?*'1 in order to reduce the limitations presented in the “two products” model. In this case

the volatility is represented as a distribution discretized into logarithmically spaced bins based
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on the saturation concentration (C') covering a range between 10 to 10°> pg/m?. The C of a
compound is the concentration above which it is transferred from the gas to the particle phase.
For example, if a compound has a value of C*=50 pg/m?®, it means that it must reach a
concentration of 50 pg/m?in order to start condensing on the particulate phase. The saturation

concentration is defined as the inverse of the partitioning coefficient.

The 2-dimension VBS (2D-VBS) proposed by Donahue et al.!** 2! was later introduced
in order to describe the volatility, the thermodynamics and the chemical evolution of the
organic aerosol as a function of the saturation concentration and the degree of oxygenation
(Figure 1.23). This framework was then applied to the available experimental data in order to

explain fundamental insights regarding the organic aerosol chemistry.

log; o(C®) (saturation concentration, pgm™)

Figure 1.23. Framework of the 2-D VBS, where the OA composition is described as a function of the degree of
the OA oxygenation and the saturation concentration. The black lines denote the number of the carbons,
while the green lines correspond to the oxygen number. The experimental ambient oxygenated organic aerosol
(OOA) is in the dashed area in the upper corner.

1.5.5. The Master Chemical Mechanism (MCM) model

One of the most used explicit models in the atmospheric chemistry community is the
Master Chemical Mechanism (MCM) #> 28 and further updates.? 282" The MCM is a near-
explicit chemical mechanism that provides a detailed description of degradation mechanism in
gas phase for a series of VOCs. The fundamental assumption is that the kinetics and products of
a large number of unstudied chemical reactions can be defined on the basis of the known
reactions of a comparatively small number of similar chemical species, by analogy and with the
use of structure-reactivity correlations.””®! Currently, the degradation of methane and 142
VOCs are included in the model (www.mcm.leeds.ac.uk/MCM/). These VOCs comprise
aromatics, alkanes, alkynes, alkenes, aldehydes, ketones, alcohols, glycols, ethers,

glycoethers, carboxylic acids, esters and chlorine contained hydrocarbons.

The mechanism nowadays account for around 17000 reactions and 6700 compounds.?"!

Even like this, plenty of minority reactions are not taken into account. Some approaches have
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1.2*1 used a

been developed in order to extend the MCM to the particle phase. Jenkin et a
representation of gas-to-aerosol transfer of semivolatile and non-volatile oxygenated products
to predict SOA formation from alpha and beta pinene ozonolysis. Camredon et al.”**? developed
an explicit model based on the coupling of gas-phase oxidation schemes with a thermodynamic
condensation module to study oxidation of 1-octene. However, results are not as good as

2401 jncluded an

expected and SOA formed is overestimated in models by a factor of 2. Li et al.
equilibrium partitioning module, based on Pankow’s absorption-partitioning theory; and
reactive surface uptake processes coupled to the Community Multiscale Air Quality model

(CMAQ).™3 Figure 1.24. summarizes the flow chart for reactions and products simulated by the

model.
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Figure 1.24. Flow chart for the reactions and chemical products of the MCM model. (Source: Saunders, 2003)

The generator steps can be summarized as follow : an initial reaction between a VOC
and an oxidant to form the organic peroxy radical (RO,); the peroxy radical reaction with NO,
NO,, NO3, HO," or RO," to form secondary stable species or an alkoxy radical (RO). As some
degradation pathway can lead to very large mechanism, especially for heavy VOCs, some
simplifications are required. These simplifications disregard channels of low probability or

minor compounds.!?’!

1.5.6. The GECKO-A model

The Generator of Explicit Chemistry and Kinetics of Organics in the Atmosphere
(GECKO-A) % 21 s able to generate an explicit and complete chemical degradation
mechanism whatever is the VOC. Mechanisms include species as linear and branched alkanes,

alkenes, cyclics, ethers, esters, alcohols, carbonyls, nitrates, peroxyacylnitrates, carboxylic
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acids, peracids, hydroperoxides, alkyl radicals, peroxy radicals and alkoxy radicals. The model
proposes a fully develop mechanism including all intermediate compounds, radicals and
oxidation pathways from the initial VOC to the final oxidation products as CO, CO; and water.
The model accounts for around 10° species and 10° reactions.”" Figure 1.25. presents a
comparison for some species involved in the degradation of n-heptane between MCM v3
(dashed lines) and the GECKO-A models (solid lines).
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Figure 1.25. Comparison mechanism for n-heptane oxidation. Solid lines GECKO-A model, dashed lines: MCM
v3 model. Shaded area represents +20% deviation.

The two models seem to agree reasonably well for some species (n-heptane, ozone or
HNOs). Further generation products present unclear trend, whit large discrepancies for methyl
glyoxal and Peroxyacyl Nitrates (PANs) but an excellent agreement for formaldehyde. A
thermodynamic condensation module has been developed and coupled to the gas-phase
oxidation mechanism in order to simulate SOA formation and speciation.” The SOA formation
module is based on the absorption mechanism and follows the gas-particle partitioning
theory.™ The model shows factor 3-4 overestimation for the alpha-pinene modeled SOA
compared with experimental laboratory data.”™ A possible explanation is that model does not
take into account wall losses of the semivolatile species. In more recent studies where wall
losses have been taken into account, an improvement of the modeling estimation compared to

the experimental data is achieved. !

1.5.7. SOA Formation from Road-transport

Literature work suggests that vehicular emissions highly contribute to the total PM on
urban areas through primary particles and SOA precursor emissions.”>! Composition and

emission rates of SOA precursors widely vary depending on vehicle type, size, fuel or post-
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treatment devices. Potential SOA formation from vehicle can be estimated by measuring traffic
areas and elucidating sources of emission by tracers (top-down methods) or by investigating

fuel/oils/emissions from an individual car under controlled conditions (bottom-up methods).

1.5.7.1 Bottom-up methods

The bottom-up approach uses fuel chemical mass balance or single car emissions to
elucidate the relative contribution to SOA." 28 Fyel composition data have been used to
estimate SOA formation from exhaust.?””> 271 The total SOA vyield is reported as the sum of the
estimated SOA vyield contributions for each individual compound of the fuel. Some of these
individual SOA vyields contribution can be estimated from real laboratory tests. For estimation
of SOA yield from non-tested compounds, theoretical approaches based in partitioning theory

and models described above have been used. %> 6%

Some previous work estimated an effective SOA vyield larger for diesel fuel than for
gasoline fuel.’*”> 26" However, introduction of DFP and DOC may shift major SOA production to
gasoline vehicles.™? Figure 1.26. shows SOA Yield estimated as a sum of SOA contributions

from different chemical families as a function of the carbon number for different fuels.
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Figure 1.26. Potential SOA yield as sum of SOA contribution for gasoline and diesel fuel as a function of
carbon number. (Source: Gentner, 2012)

SOA from gasoline fuel arises almost exclusively from aromatic compounds, while for
diesel fuel the situation is more complex as many chemical families do participate to the SOA
formation. First observation is that heavier compounds from Cg to Cy4 are involved in diesel SOA
formation; then the alkanes families together are responsible for 47% of the SOA yield,
followed by the aromatics (36%) and the PAHs (17%). Miracolo et al./?*®! showed that reduction
of aromatic compounds from the Fischer-Tropsch synthetic jet fuel highly reduced the SOA

formation. While other authors ['* 2% did not report any observable reduction of formed SOA by
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using biodiesel fuel. The influence of ethanol content in gasoline fuel (10% , 85% and 100%) was

(2641 \who observed a clear decrease in SOA formation as ethanol

investigated by Timonen et al.
content increased in the blend. The use of fuel speciation as tool for the determination of SOA
has some limitations. This method assumes that products coming from lubricant oils present

little contribution to the SOA budget, and this could not be the case.

Another experimental method to determine SOA formation consists on the oxidation of
primary emissions from cars in a reactor tube or simulation chamber. This approach provides a
more realistic view of SOA formation from vehicles. As drawback, reactor and chamber
experiments are limited to a reduced number of vehicles, limiting the possibility to get

information for the whole fleet. 2> 26!

Several experiments suggest that SOA mass does not need long photo-oxidation times
(or "OH exposure) to exceed POA mass for both gasoline and diesel vehicles 2% 26721 despite
the probably loss of some fraction of IVOCs or SVOCs in the lines or exhaust dilution manifolds.
Thereby, taking into account those losses, SOA concentration would be even higher than
experimentally determined.?””" 2 The SOA/POA ratio widely varies depending on many factor
related to the driving conditions, type of vehicle (cycle, fuel load, fuel type...) and with
experimental conditions (dilution, "OH exposure, NOx level...). Figure 1.27. shows the time
series of organic, nitrate, sulfate and ammonium formed in a Potential Aerosol Mass (PAM)

chamber experiment from primary emission sampled in a highway tunnel.?¢"!
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Figure 1.27. Time series of ammonium, sulfate, organics and nitrate for a PAM experiment as a function of
photochemical age. Shaded periods represent non-photoxidation periods. Equivalent atmospheric oxidation
(i.e, “1 day” at ['OH] = 3x10° molec/cm®). (Source: Tkacik, 2014)

The shaded periods are without photochemistry while during the white portions, the air

from the tunnel is exposed to different levels of oxidants which give rise to the formation of
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ammonium nitrate (orange and blue) and SOA (green). The SOA mass loading exceeds the POA
for photochemical ages of 14 hours. The maximum values of secondary generated particles are
observed for a photochemical age of 5 days. The significant formation of ammonium nitrate is
due to oxidation of NO, to HNO; and further neutralization by the ammonia emitted. [** 273 274l
Platt et al./?””! performed photoxydation experiment on Euro 5 gasoline emissions and found a

SOA/POA ratio of 9-15 after aging.

Other authors,’® 21 compared the SOA formation from GDI and PFI vehicles and
reported little difference between the two technologies. Pieber et al.’**® reported higher SOA
formation during cold start regime due to higher VOCs emission. Figure 1.28. shows the
comparison on SOA formation (green) due to cold and hot start upon oxidation in a flow reactor

of emissions from a GDI Euro 5 exhaust.

The POA is represented by the dashed lines, BC by the black line and nitrate by the blue
line. At cold start, SOA mass loading rapidly overcomes POA leading to a SOA/POA ratio >>>10.
The ratio SOA/BC remains around 1 during the whole cycle. At hot start, SOA reaches same

values than POA.
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Figure 1.28. Influence of cold/hot start conditions for SOA formation. GDI Euro 5 vehicle emissions were
oxidized in an oxidation flow reactor (OFR). Vehicle emissions were injected during a WLTC run. Source:
Pieber, 2018

Platt et al.!*? also studied the influence of driving car temperature (22°C and -7°C) on
SOA formation for gasoline Euro 5 emissions and reported a dramatically increase of POA and
VOCs and hence SOA formation for experiments performed at-7°C. Pieber et al.*” reported an
increase of SOA of a factor 3 when increasing relative humidity from 40% to 90%. Recently,

Drozd et al.”’®! and Zhao et al.?””! estimated the SOA formation for a large fleet of gasoline
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vehicles in the U.S. They found an important decrease of emitted VOCs and hence, reduction in

SOA formed for modern vehicles (SULEV standards) compared to older ones.

Traditionally, aromatic compounds were considered the most efficient SOA
precursors.l'”" 28] However, comparison between observed and predicted SOA taking into
account aromatics, suggest that SOA cannot be explained by this class of compounds alone.”*:
2801 Figure 1.29. shows the predicted SOA contribution of the most abundant aromatic species
based on experimental measurements in comparison with total observed SOA from a smog
chamber experiment of a Euro 5 gasoline car. Predicted SOA for each aromatic has been
calculated by multiplying measured VOC consumption and individual SOA yields reported
previously in literature. As observed, aromatics only account for a small fraction of the formed
SOA. Thus, focus has been shifted to other families of compounds that potentially could

contribute to the observed SOA.
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Figure 1.29. Predicted aromatics versus observed SOA for a smog chamber experiment during aging of
emissions from Euro 5 gasoline light-duty vehicle. (Source: Platt, 2013)

More recently, IVOCs (roughly Cy;-C;; n-alkanes/alkenes) and heavier alkanes/alkenes
(SVOCs) have been reported as effective SOA precursors.?®” 28" 2821 These compounds are
thought to have an important SOA potential formation even if atmospheric concentrations are
lower than those of smaller VOCs.?®* 24 7hao et al.!?®! estimated SOA formation from IVOCs 5
times higher that produced from single-ring aromatics during ambient measurements during a
field campaign in Pasadena (CA). The authors indicated the IVOCs as a major contributor (57%)

to SOA formed in urban areas.

Same authors %8¢

reported emissions studies of recent GDI vehicles and simulate
potential contribution to SOA formation of each family. Average EFs for single ring aromatics
was 5 times higher than IVOCs EFs. However, single ring aromatic accounted by 50% of
predicted formed mass, and IVOCs accounted for the remaining mass fraction. Platt et al.!”’"

also performed photoxidation experiment to Euro 5 gasoline vehicles and suggested that large
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part of formed SOA is derived by IVOCs. By taking into account IVOCs emissions and chemical

regime variations, Sartelet et al./?®”) were able to correctly reproduce Platt’s observations.?""!

Diesel passenger cars may also produce SOA and many studies have been devoted to the
investigation of primary and secondary OA from diesel. Several studies focused on old diesel
vehicles without aftertreatment devices and reported efficient formation of SOA. 28" 288291 The
introduction of aftertreatment devices for diesel vehicles (DOC, DPF) provided an efficient way
to reduce PN and VOCs precursors, leading to drastically reduction of SOA production. 2% 2%
Chirico et al.*®! measured primary emissions and SOA formation from three diesel vehicles
(one without abatement technologies, other with DOC and other with DOC+DPF). The highest
reduction in SOA formation was reported for the vehicles equipped with DOC+DPF, but the DOC
was also able to reduce of SOA formation, by removal of gaseous precursors.?”®! The authors
attributed a large fraction of SOA to IVOCs and SVOCs species while a very little fraction was
explained by traditionally SOA precursors as aromatics. Jathar et al.!'! suggested that the
combination of aftertreatment systems and higher engine loads reduced POA EFs by an order of
magnitude and SOA production by a factor of 2-10. Gordon et al.? reported very little primary
PM from diesel equipped with DFP. As a result, no SOA was formed. Platt et al.’**? studied the
influence of driving car temperature (22°C and -7°C) on SOA formation for diesel Euro 5
emissions. The authors reported no influence of the temperature for diesel vehicles, where

total PM was dominated by primary emissions.

Figure 1.30. shows the average POA and predicted SOA contribution for different

families of organic compounds after 48h of photoxidation.
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Figure 1.30. SOA and OA from diesel cars a) influence of driving conditions and DPF for diesel vehicles; b)
averaged POA and fractional predicted SOA after 2 days of photoxidation. (Source: Zhao, 2015)

SOA/POA ratio was set approximately 2.5. Predicted SOA was due to IVOCs containing

compounds from C4; to Cy,. It accounts for a small fraction of speciated IVOCs, unspeciated b-
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alkanes and cyclic compounds which represent the dominant fraction, while the contribution of

single ring aromatic compounds to SOA formation resulted to be negligible.

These results suggest that IVOCs (accounting for 60% of NMHC) are responsible for more
than 95% of total SOA formed.” In general, SOA produced in smog chamber and PAM as
results of exhaust photoxidation could not be explained by the oxidation of VOCs precursors
included in traditional models. #% 21 |vOCs could potentially fill this gap in the case of

diesel vehicles.

1.5.7.2 Top-down methods

Top-down methods based on ambient measurements is another option to determine SOA
potential formation from passenger car emissions. Chemical composition of ambient OA is
measured and separate in emission sources through apportionment analysis.?*® "1 However,
due to the high complexity of the total OA bulk, speciation is limited and only a small fraction
of the aerosol can be assigned to its source.®® 2?1 Some well-known SOA products have been
used as proxies from a chemical compound family, but SOA assessment from a specific source
remains unclear.?® 3" Therefore, it is not an easy task to separate vehicle emissions from
other sources and even the separation from gasoline from diesel vehicles is challenging since
compounds as, for example aromatics, are emitted from gasoline and diesel vehicle and also

for other sources.!

237, 3021 The main drawback of the top-down methods is the initial assumption
that SOA formation in urban areas is dominated by vehicle emitted SOA precursors. Even if in
urban areas road transport accounts for a high VOCs fraction, there is always the possibility of
undefined SOA precursors for other sources.”” Thereby, Ensberg et al.®" and Zotter et al.l*!

estimated the contribution to SOA formation of traffic emissions of 50% and 75%, respectively.

The figure 1.31.a shows a Positive Matrix Factorization (PMF) analysis based on Aerosol
Mass Spectrometer (AMS) data for speciation of anthropogenic sources. As observed, organic
aerosol (OA) categories assumed as primary emission tracers (Hydrocarbon-like OA, (HOA);
Cooking-influenced OA, (CIOA) or Local OA, (LOA)) present a plateau or even a decrease as
photoxidation time increases. These sources have been described as a surrogate for primary
combustion, cooking and other SOA contribution sources around the area, respectively. SOA
formation surrogates (Semi-Volatile Oxygenated OA, (SVOOA) and Low Volatility Oxygenated
OA, (LVOOA)) present a growing trend as photochemistry goes on.

Measured AMS PMF factor concentrations normalized by CO variation as a function of
the photochemical age during weekdays, saturdays and sundays is shown in figures 1.31.b and
1.31.cP* The OOA factor corresponds to the sum of the secondary factors (SVOOA+LVOOA)
while the figure 1.31.b shows the sum of the primary and oxidized surrogates (OA). It is
possible to observe how OA/ACO ratio is higher during weekdays rather than weekends due to

the higher contribution of traffic sources to OA during weekdays. Contrary, oxidized surrogate
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OOA/ACO does increase during weekends. Some authors suggested that the lower NOx

emissions during weekends will increase the VOC/NOx ratio and hence enhance SOA

formation. % 3%!
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Figure 1.31. a) Measured AMS PMF factor concentration as function of photochemical age; b) OA/ ACO
evolution for weekdays and weekend as function of photochemical age; c) OOA/ACO evolution for weekdays
and weekend as function of photochemical age. (Source: Ensberg, 2014)

The higher presence of vehicles during weekdays with respect to weekends urban areas
can be used to assess SOA formation from traffic sources by observing increase/decrease of
specific tracers. Some authors pointed out that in L.A. basin, BC or NOx concentration (as
vehicle tracer) clearly followed weekday/weekend dependence and therefore the reduction of

primary emissions will lead to higher values of secondary product during weekend, as ozone or

SOA, [306-308]

In air quality models, the introduction of IVOCs has lead to a better estimation of SOA
budget.[% 3'% jathar et al.’'"! used the CMAQ model in California and found that half of the
mobile source SOA was explained by IVOCs oxidation products. In Europe (diesel dominance),
Ots et al.®"™ reported an emission ratio IVOCs/VOCs of 2.3. Thus, the introduction of these
inputs in the ACTM model indicated that diesel-related IVOCs were responsible up to 30% of

2871 performed the

annual SOA formed in and around London. Sartelet et al.
Polyphemus/Polair3D transport model and reported a small contribution to SOA formation for
VOCs over Greater Paris. However, contribution to SOA formation from low volatility species
(IVOCs, SVOCs...), the so-called POA,.por, is quite high. They reported lower organic aerosol

concentration when POA,,,.r emissions are estimated from VOCs rather than POA emissions.

1.6. Challenges and Remaining Questions

Relevant progress has been achieved over the last 20 years in the understanding of SOA
formation, establishing main SOA precursors and the VOCs degradation pathways.!'? 218 267, 278,

313, 314 Based on this information, models have been developed in order to simulate SOA
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formation yield, degradation products and ultimately, establish SOA budget at local and
regional scale and built better climate models. However both global and air quality models
poorly represent the SOA, particularly in urban environments, where anthropogenic activities
and transport are a major source of pollutants.?? 287 315 3161 pogsible reasons have been
indicated in several papers: omission of key precursors in the models, vapor pressure
assignment based on estimations, not fully developed chemical mechanisms for IVOCs and
SVOCs coming from vehicles emission.*"3'" |n addition road transport fleet is in constant
evolution via fleet renewal and technology shifts (as from PFI to GDI vehicles) which adds on to
new fuel composition (biofuels): all these factors will influence car emissions and consequently
SOA budget.

Several are the remaining questions related to the environmental impacts of vehicle
emissions. While regulated pollutants are more or less well characterized, non-regulated
pollutants (as IVOCs, ammonia, metals, particle below 23 nm) are poorly investigated despite
their potential key role in air quality and health related issues. One important question is
related to the Particle Measurement Programme (PMP) protocol and the lack of knowledge on
condensable species of emitted PM and, another issue, is related to particles below 23 nm.
These latter represent, during specific driving conditions, an important fraction of total
emitted Particle Number (PN) and do negatively affect human health, air quality and climate.
Another issue is related to the IVOCs/SVOCs, which have recently been indicated as key
precursors of SOA.[27: 294316, 3201 A major uncertainty in the models rises from poor emission
inventory and their atmospheric processing. These compounds are difficult to measure, which
is why they are usually assumed to be emitted proportionally to primary organic aerosol mass
or VOCs.'”" Nevertheless, their estimation does not seem to be enough to explain the SOA
formation.'% 32" To reduce this gap it is important to improve the analytical techniques and
therefore better determines IVOCs/SVOCs inventory. Another future step will be to identified,
understand and quantified low volatility products from other sources as biomass burning, oil

production or oil sands; which have been already reported in literature.> 322 323

The SOA composition remains, up to now, a big analytical challenge. Firstly due to the
myriad of compounds found in SOA at trace levels. Traditionally the identification of the
organic compounds in SOA was performed using off-line method which implies PM collection on
filters followed by extraction and analysis. Several derivatization methods have been
developed in order to identify and quantify functionalized compounds (as hydroxyl, carbonyl,
carboxylic, and nitro or nitroso compounds) found in the particles.!”** 32 Nevertheless, these
methods pose some withdraws, as they focus on a limited number of compounds, they are
costly and time consuming, and finally they provide information on a small fraction of the total
SOA.[2> 3281 |5 the last 15 years on-line methods for chemical analysis (as the High-Resolution

Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) Aerodyne) have been successfully
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applied to the study of PM.*?”! However, the AMS ionization method, based on electron impact
at 70eV, leads to a severe fragmentation, which does not allow the identification of the
individual organic molecules of the SOA. Despite this limitation, source apportionment analysis
applied to the AMS mass spectra was able to separate the OA into different source components

such as POA related to vehicle emissions, cooking preparation, biomass burning etc. and SOA.

This approach sums up all SOA without being able to distinguish between the various
sources. Therefore, new instrumentations and methods are required. Very recent techniques
open new possibilities to the identification of SOA components at molecular level and high time
resolution. Some new techniques apply chemical ionization mass spectrometry to particulate
matter. 2% 328 321 These analytical developments led to the quantification of the large fraction
of carboxylic acids in SOA produced in forested environments.??”! A very recent work quantified
high levels of levoglucosan, an important tracer of wood burning, in several European cities
during winter time."** The identification of individual components in SOA remains one of the
biggest challenge in organic aerosol research. Detailed information on chemical composition
will allow, on one side, the identification of the main precursors of the SOA from road
transport, and on the other side, to establish a more direct link to the adverse health effect of

SOA. On the basis of that knowledge better emission regulations can therefore be designed.

1.7. Thesis Objectives

Significant controversy exists nowadays over the contribution of vehicles emissions to
ambient pollution and to SOA formation. These open questions are linked to the limited
identification of key precursors and poor understanding of chemical and physical processing of
these latter in the atmosphere. This PhD was supported by the project CaPVeREA (ADEME
CORTEA) which proposed a comprehensive study of both modern vehicle emissions and their

chemical transformations in the atmosphere. The research focused on two major objectives:

1) To investigate primary emissions of gasoline GDI and diesel Euro 5 and Euro 6
passenger cars and implement European databases. For all vehicles regulated and non-
regulated pollutants have been measured. Special attention has been devoted to the
development of a methodology for tailpipe measurements using multi stage dilution systems.
Our main focus was the identification and quantification of non-regulated pollutants. In
particular we investigated the chemical composition of primary emitted particles focusing on
the condensable fraction using state-of-the art on line instrumentation. Furthermore
morphology and elemental composition was determined by using TEM grids coupled to EDX
analysis. Then we investigated the emission of particles below 23 nm diameter. The ensemble

of the chemical species that compose PM as well as the size distribution can affect air quality
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and human health. Then we focused on the speciation of VOCs and IVOCs for both gasoline and
diesel vehicles. The study allowed the development of a new methodology for IVOCs sampling
aiming at reducing measurements bias due to condensational losses. Emission studies were
undertaken at the IFSTTAR facility and emissions were measured using WLTC or Artemis cycles,

under cold and hot start conditions.

2) A second and extensive part of my PhD focused on SOA formation studies. The work
is mainly based on laboratory investigations (aerosol flow tube) where VOCs emitted from
Euro5 and Euroé vehicles were oxidized under different simulated atmospheric conditions. This
work was based on the oxidation of individual VOCs. The aim was to determine SOA vyield,
chemical composition of both gas and particle phase, key parameters controlling SOA formation
(as temperature, type and quantity of VOC, pre-existing seed particles). Then experiments
were repeated using a mixture of the selected VOCs. The new developed Chemical Analysis of
aerosol on-line (CHARON) inlet coupled to PTRMS was deployed for the speciation of the
organics in the particle phase. Few photoxidation experiments of car exhaust were performed

using an aerosol flow tube to determine major SOA constituents and SOA potential formation.
The PhD manuscript is organized as follows:
o Chapter | addresses the context and state of the art of my study introducing vehicle
emissions and SOA formation in the atmosphere;

e Chapter Il is dedicated to the description of the IFSTTAR facility for emission
measurements, the aerosol flow tube used for photochemical studies and all analytical

and instrumental tools deployed in the project;

e Chapter Ill is dedicated to the first objectives and present results from the vehicle

emissions studies (both gaseous and particle pollutants);

e Chapter IV presents the results of the photo-oxidation of toluene, naphthalene,
cyclohexane, nonane and mixtures of them; and the SOA study from real car exhaust.

Potential SOA formation and chemical speciation of degradation product is presented.

e Chapter V finished with some general conclusions and future perspectives.
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Chapter I

2.1. Emission Studies

Primary emissions from light duty gasoline and diesel vehicles have been investigated at
the IFSTTAR infrastructure. The facility comprises a single roll bench chassis dynamometer
device, different dilution methods as the Constant Volume Sampler (CVS) or the FPS-4000 and
several instruments for gas and particles analysis. A scheme of the IFSSTAR facility including

chassis dynamometer and dilution systems is presented in figure 2.1.
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Figure 2.1. IFSTTAR schematic diagram of the experimental set up.

2.1.1. Chassis dynamometer

The chassis dynamometer device is a single roll bench for light duty vehicles. The drive
wheels of the vehicle are placed on a 48 inch diameter roll. Once the vehicle starts to roll, the
roller bench opposes a resistance to the vehicle similar to the one experienced in real driving
by friction between wheels and surface. In order to move forwards, a vehicle has to generate a
tractive force which compensates air resistance and rolling resistance. Software ensures the
control and acquisition of the chassis parameters as power, acceleration, consume, distance,
temperature or speed.l” ? Figure 2.2. shows a scheme of forces involving during chassis

dynamometer test and figure 2.3. some images of the IFSTTAR installation.
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Figure 2.3. Chassis dynamometr device: a) screen;b) fan; c) roller bench system.
2.1.2. Dilution systems

During experiments at IFSTTAR, two dilution methods have been used: a Constant
Volume Sampler (CVS) dilution tunnel and a second method based on direct dilution at the
tailpipe. The latter method has been chosen in order to provide an alternative method to

evaluate the condensable fraction of particulate matter.

For CVS measurements, the exhaust from the vehicle was diluted with conditioned and
free particle clean air at 35°C. The dilution flow is adjusted to keep total flow at the end of
the CVS constant. The dilution ratio of the CVS is therefore variable, depending on the vehicle
and the driving cycle. For high speed cycles as Artemis Motorway, the total flow rate is set at
11 m*/min while the total flow rate decreases to 9 m*/min for the other cycles. Temperature
gradient between diluted air and exhaust (35°C and approximately 200°C), together with
possible turbulences inside the tunnel are the main drawbacks of the CVS. These parameters
are very important in the framework of particle size and number concentration measurements.
Phenomena as nucleation and condensation could occur during the dilution step inside the CVS

(see section 2.1.4. Particle Measurements).
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To investigate the condensable fraction of particles, relevant for environmental and
health issues, most of experiments reported in this PhD thesis are based on particle
measurements at the tailpipe using the Fine Particle Sampler (FPS 4000, Dekati Ltd). Figure
2.4. shows the FPS setup and it working principle. The FPS is a sampler /dilutor device with
two dilution stages. Ambient dilution air is previously filtered by High Efficiency Particle Filters
(HEPA), dehumidified and pressurized to 3.5 bar. The FPS allows a variable dilution ratio
ranged between 10 and 150 times. The primary dilution is performed by a dilutor with a porous
tube and the dilution is adjustable from room to 350°C. The second dilution is provided by an
ejector dilutor at room temperature only. The difference of pressure created at the nozzle of
the dilutor generates a proportional suction, causing the flow of diluted gas passing through
the probe of the FPS-4000.

- - Second dilution air
2 Sample out vww.dekati.com

Figure 2.4. FPS setup and working principle where a) is the exhaust gas enter, b) is the diluted exhaust gas
outlet, c) is the primary dilution air enter and d) is the second dilution air enter.

Sampling rate, primary dilution ratio, total dilution ratio and temperature can be
continuously monitoring. Additional dilution systems VKL10 (PALAS) were used to achieve the
higher dilution ratios (1000-4000). The VKL is a dilutor where zero air circulates through an
annular passage around the suction nozzle. Then, clean air and exhaust are mixed in the

internal chamber. Figure 2.5. shows the principle working of the VKL dilution system.
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-_

- i~ &P —*
/ 0
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Figure 2.5. VKL dilution system working principle.
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2.1.3. Driving cycles

Driving cycles are employed in chassis dynamometer studies to achieve reproducible
and controlled tests. The driver follows the cycle using a driving system displayed on a screen.
Several parameters as fuel consumption, regulated and unregulated emission can be
investigated. Several cycles have been developed around the World even though most of the
tests are carried out on a limited number of cycles, the ones established by the legislation. It
has to be said that not all cycles reproduce realistic driving conditions but they have the
advantage to be reproducible. In addition, most recent cycles (see figure 2.6.) do better

simulate real driving conditions.

In Europe, since the first European standard (Euro 1) the selected driving cycle was the
New European Driving Cycle (NEDC). This cycle presents periods of constant acceleration,
deceleration and speed in the attempt to reproduce driving conditions. However, through the
years, manufacturers have been able to adapt their vehicles to the NEDC cycle. As a result,
cars that easily satisfied laboratory tests were found to emit much larger amount of pollutants
during real driving condition tests.” * Recently a new driving cycle has been implemented as
mandatory cycle since 2018 in the Euro 6c standard, the Worldwide Harmonized Light Vehicles
Test Cycle (WLTC).P7! The WLTC is a 30-minute transient cycle and it is characterized by four
sub-driving conditions: low speed, medium speed, high speed and extra high speed (see figure
2.6a). WLTC has been chosen as official test cycle due to its high accuracy to represent real

driving conditions." 8

Another non official cycle widely used in laboratory studies is the Common Artemis
Driving Cycles (CADC). The CADC procedures have been developed within the European Artemis
(Assessment and Reliability of Transport Emission Models and Inventory Systems) project based
on statistical analysis of a large database of European real world driving patterns and has also
been used in this thesis. The Artemis urban is composed of the sections “urban dense”, “free-
flow urban”, “congested-stops”, “congested-low speed” and “flowing-stable” while Artemis
road and Artemis motorway are composed of the parts “unsteady speed” and steady speed”
sub-driving parts.”” " The profiles of WLTC and Artemis driving cycles are presented in figure

2.6. Technical details of the cycles used are presented in table 2.1.
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Figure 2.6. Speed profile of transient cycles : a) WLTC, b) Artemis urban, c) Artemis road and d) Artemis
motorway.
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Table 2.1. Technical characteristic of used cycles.

start mileage duration average CV3S flgw
(km) ) speed (km/h)  (m’/min)
WLTC cold/hot 23.25 1800 47 13
Artemis urban cold/hot 4.47 921 17
Artemis road hot 14.7 862 61 9
Artemis motorway hot 23.7 736 116 13

2.1.4. Particle Measurement

Historically, only the particle mass was taken into account for European standards.
Since 2011 for diesel, and since 2015 for gasoline vehicles, particle number regulation has been
introduced (Euro 5 and Euro 6b, respectively). Particle number is now (Euro 6c) regulated for

both diesel and gasoline passenger cars with a maximum concentration of 6x10'" particles/km.

The European regulation for Euro 5/6 light duty emissions introduced the measurement
of non-volatile particles with diameter > 23 nm. In the frame of the Particle Measurement
Program (PMP) the volatile fraction of particle is removed by using a heated dilution stage
(150 °C) and a heated tube (at 300-400 °C).!"" ™2

The nucleation mode ( < 30nm) accounts only for 0.1%-10% of total particle mass, but

[3] and nowadays several studies point out that 23

comprises up to 90% of total particle number
nm cut-off is not appropriate for the investigation of vehicle emissions.[' ™ In addition,
ultrafine particles have been related to serious environmental and health impacts and should
therefore be more carefully investigated.!'®"® Actually, several research programs have
investigated the implementation into the European standards emission of a lower cut-off for
particle measurements (Down-To-Ten, PEMs4Nano and Sureal-23 projects). In the frame of this
PhD, particle emission has been evaluated at the exhaust using FPS-4000 and VLK dilution
systems without taking into account cut-off limitation at 23 nm. Dilution ratios ranged from 8

to 100 and dilution temperature ranged from 36°C to 150°C.

2.1.5. Tested vehicles and experimental conditions

A total of six (Euro 5 and Euro 6) vehicles have been tested in three different
measurements campaigns at IFSTTAR laboratory. Specifications of the vehicles used are given
in table 2.2. and include diesel cars equipped with DOC and PDF and three gasoline DI cars. The
vehicles were borrowed or rent from individual owners and were considered representative of
the French fleet. Renault Clio and Renault Twingo have been selected as they are in the top-
ten ranking of most sold cars in France while the Skoda Octavia and Seat Altea were selected in

order to increase representative sample of different technologies and brands.
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The experiments were conducted using commercial fuel (sulfur content less than 10
ppm) pumped from the same service station to minimize the variability of fuel composition.

Fuel composition can be found in annex I.

Table 2.2. Characteristics of tested vehicles.

Vehicule name | D1 D2 D3
Brand Renault Clio IlI Renault Clio Skoda Octavia
Size class 1.5 DCI 1.5DCI 1.6TDI
Technology Diesel Diesel Diesel
Standard Euro 5 Euro 6b Euro 5
Engine capacity (cm?) 1461 1461 1598
Empty weight (kg) 1090 1087 1262
Mileage (Km) 87073 4700 78903
Gearbox type Manual (5) Manual (5) Automatique (7)
Catalyst DOC DOC DOC
Filter Catalyzed DPF Catalyzed DPF Catalyzed DPF
NOx trap NOx trap -
Registration date 17/02/2012 31/12/2015 30/09/2016
Vehicule name \ GDI1 GDI2 GDI3
Brand Seat Altea XL Renault Twingo Renault Clio
Size class 1.2TSI 1Sce 0.9 TCE
Technology Gasoline Gasoline Gasoline
Standard Euro 5 Euro 6b Euro 5
Engine capacity (cm3) 1197 999 900
Empty weight (kg) 1320 864 1055
Mileage (Km) 25844 2164 9500
Gearbox type Manual (5) Manual (5) Manual (5)
Catalyst TWC TWC TWC
Registration date 27/02/2014 11/12/2015 30/09/2016

One of the aims of the research project CaPVeREA was to characterize the influence of
sampling conditions (as dilution rate and temperature) on ultrafine particles, and to develop a
suitable measurement methodology allowing a better quantification of the total number of
emitted particles including also the condensable fraction. The results of this specific study can

be found in the PhD manuscript of Cedric Louis and in a published paper. ['*!

A total of 130 experiments have been carried out in three different field campaigns
using 6 the selected gasoline and diesel vehicles. Tables All.1-6. in annex Il indicate the

experimental conditions of each of them.
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2.1.6. Emission factors

Vehicle emissions represent a particular challenge due to their dependence on many
factors, as vehicle characteristics, emission control technology, fuel specifications and ambient
and operation conditions.? Thus, emission inventories are needed in order to achieve an
acceptable repeatability and avoid bias coming from single measurements. Emission inventories
are based in Emission Factor (EF) database. The EF has been calculated following equation
[2.1]

CAverage -10° - TCycle *Qcvs " DR
D

EF = [2.1]

where EF is the emission factor for a specific pollutant in pg/km or #/km depending on
the pollutant, Caerage is the average concentration of specific pollutant along the cycle in
pg/m? or #/cm?, 10° represents the conversion factor from cm® to m?, Q. is the average flow
in the CVS dilution system, in m3/min, Teyete is the duration of the cycle in minutes, DR is the
external dilution ratio (if needed) and D is the distance along the cycle in kilometers. The
equation [2.1] can be easily adapted for the cases where pollutant concentration is expressed
in ppmv:

CAverage ' TCycle “Qcvs * DR . M

EF =
D Vimor - 103

[2.2]

where M is the molecular mass of pollutant, in g/mol; V. is the molar volume of
pollutant, in l/mol and 10° allows the conversion from mg to g. Thus EF is expressed in g/km in

these cases. For tailpipe measurements, EF is expressed by the following equation [2.3]:

CAverage -10° - TCycle *Qexn " DR
D

EF =

[2.3]

where Q. is the flow exhausted by the vehicle, in m>/min and the pollutant is

expressed in ppmv.

2.2. Experimental set up for SOA studies

An important part of my PhD was devoted to the study of secondary organic aerosol
(SOA) formation from Volatile Organic Compounds (VOCs) found in vehicles exhaust. An aerosol
flow tube has been deployed for this study. This type of tool has been chosen for different

reasons:
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1. the project CaPVeREA focused on the need to investigate SOA formation in the so
called "champ proche” therefore close to source emission points. Shorter oxidation
times were therefore requested.

2. the SOA yield was investigated as function of different environmental conditions (as
temperature, ‘OH concentration, VOC type and concentration). The SOA yield was
calculated using the organic concentration detected by the AMS using an average
density of 1.3 g/cm’.

The temperature variations were achieved quite rapidly by a thermostated aerosol flow

tube-reactor (AFT). For studies with variable temperature, the thermostated aerosol flow tube
was considered to be more suitable than the smog chamber. In the following sections the

experimental system will be described in detail.

2.2.1. Aerosol Flow Tube

Experiments were conducted at atmospheric pressure in a cylindrical aerosol flow tube
(AFT) made of Pyrex (12 cm inner diameter, 152 cm of length). More details can be found in
previous published work. " 2! Figure 2.7. shows a schematic diagram of the AFT setup while

figure 2.8. shows some pictures of the different parts of the AFT system.

The reactor is surrounded by seven fluorescent lamps (Philips CLEO) with a continuous
emission spectrum in the 310-420 nm wavelength range and a total irradiance of 2.7x10"
photons cm™ s which allows homogeneous irradiation of the reactants mixture. Inlet and
outlet of the AFT tube are made of stainless steel cones of 14 cm length. The conic injector
favored diffusion of mixtures along the cross section of reactor, minimizing as much as possible
the formation of particle jets inside the rube. Teflon cylinders allow the connection of the
cones and the inner part of the tube. The temperature into the AFT was controlled using a
circulating water bath (Huber CC 405) through the outer jacket. Temperature ranged from 7°C
to 22°C. The relative humidity (RH) inside the AFT was adjusted by bubbling from 100 up to
300 ml/min of N, (Air liquid, nitrogen 4.5) though ultrapure water and ranged from 24% to 50%.
A humidity and temperature sensor was connected at the exit of the reactor allowing
continuous monitoring of the experimental conditions (temperature and humidity). Clean zero
air was used as gas carrier. In some experiments, NOx was added to the reactants mixture to
vary the VOC/NOx ratio. Tables from Alll.2. to Alll.6 in annex Il present the initial conditions

for the each experiment.

Wall losses from parent VOCs were estimated by measuring concentration of VOCs
before and after the AFT under dark conditions (lights-off). While wall losses from gas phase
degradation products have not been evaluated and hence, not taken into account. Wall losses

of seed particles of approximately 125-150 nm diameter have been evaluated measuring before
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and after the AFT the concentration of ammonium sulfate. The losses were negligible (below
5%) for the residence times experiences by the particles in our experiments. The wall losses of
the seeds coated with organic particles were also regarded as negligible since diameter ranged

from 150-180 nm diameter and the residence times did not exceeded 13 minutes.

Humidity A

sensor

-Dl HEPA

———

: é g——DQ 5 Instruments
L
| 3
AS Seed e —— A K 18
l
injection
' i
| g IPN
| % R NOx
| | a% DMA L Humid air
| = column
5 | g
l‘G l — “- =
| & | | 8
| z | | o l | 2
I | b 5
4 S e e e =

r"!
crvostatel - — — —+ — — — |

N2

Figure 2.7. Aerosol flow tube schematic setup.
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Figure 2.8. a) AFT view with case to protect from UV lights, b) detailed cone inlet and Teflon piece, c) cross-
sectional view for the arrangement of lamps and water jacket around the flow reactor, d) seed inlet, e)
humidity inlet, f) air inlet, g) IPN inlet, h) Primary VOC inlet, i) Secondary VOC inlet (if necessary), j) by-pass
reactor line, k) humidity sensor at reactor outlet, l) three-way valve for bypass/reactor measurements, m)
HEPA bypass line, n) Splitter for measurement lines, o) flow controller box and flow controllers set, p)
permeation oven n°1.

The total flow through the AFT ranged from 1100-1400 cm®/min for an experimental
residence time of particles of 11-13 min. For a cylindrical tube, Reynolds number, the
dimensionless number that characterize the movement of a fluid, is defined as the ratio of the

inertial force (puL) and the viscous force (u). Reynolds number can be expressed as:

_put _pru-D

R [2.4]

Re

where p is density (Kg/cm?®), u is flow speed (m/s), p is the dynamic viscosity (Kg/m-s)

and D is the internal diameter of the reactor (m). For Reynolds number (Re) below 2000, the
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system is in a laminar regime, while above 4000 is in a turbulent regime. The air density was
calculated using the ideal gas law. For 1atm and in temperature in the range 280K-294K, the
density varied from 1.26 Kg/m® to 1.20 Kg/m?®. The dynamic viscosity in the cylindrical reactor

was calculated using the Sutherland viscosity law:

T2
T THG,

[2.5]

where p is the viscosity at temperature T, o is the specific temperature and C; and C;
are the Sutherland constant which linked temperature and viscosity. For an average
temperature of 287 K, the dynamic viscosity of air is 1.78x10° Kg/m-s and 1.72x10” Kg/m-s for
nitrogen. Therefore, taking into account the maximum flow rate used of 1400 ml/min and
internal diameter of 12cm, the maximum speed can be calculated by:

o (™s)

u(M/g) = A [2.6]

where Q the volumetric flow and A the cross section of the tube. Thereby, the speed
flow is equal to 2.06x10° m/s. Applying equation [2.4]; a Reynolds number of 17 was

calculated. Under such conditions a laminar regime characterized the fluids in the AFT.

2.2.2. Seed Particles

Monodisperse ammonium sulfate particles (AS) were introduced into the AFT to provide
a pre-existing surface onto which semi-volatile compounds would condense. The particles were
generated from an aqueous solution of ammonium sulfate (reagent grade, Sigma Aldrich) and
an aerosol generator 3076 (TSl). The polydisperse aerosol was first dried using silica diffusion
driers and then passed though a long Differential Mobility Analyzer 3081, DMA (TSI) resulting in
a monodisperse aerosol of a mean diameter between 120 and150 nm. Ammonium sulfate seeds
concentration ranged from 3 to 13 ug/m?in order to mimic background particles concentration

in EU cities.

Stability of the injected AS was tested at the exit of the first DMA column and due to
high pressure system to generate the seed, around 10% variability was monitored in the scale of
2 hours. After, the AS alone were injected into the AFT and possible deposition losses were
tested. The AS particles (120-150 nm) were not lost inside the AFT during experiment time (2-

3 hours).

2.2.3. Selected Volatile Organic Compounds

The AFT experiments intended to mimic in a controlled and simplified system photo-

oxidation of car exhaust in the first hours after emission ("champs proche"). Since experiments
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were conducted in the laboratory the strategy adopted consisted in the selection of few keys
compounds found in the car exhaust. The compounds have been chosen on the basis of primary
VOCs emitted by diesel and gasoline vehicles from our own studies (see chapter Ill) and from
the literature. Five compounds have been selected. Each compound is considered a “model
molecule” of a family of pollutants. Among the mono-aromatic compounds, toluene was chosen
since it was present in a fairly large amount and is less toxic than benzene. Among the cyclic
compounds, cyclohexane (cyclic dominating diesel emissions) was chosen since was pretty
abundant in car exhaust. Among the aliphatic, nonane was selected since present in emission
exhaust from both gasoline and diesel vehicles in large amount. Among the light PAHs,
naphthalene was selected. The pentadecane was also tentatively tested. But due to its low
volatility (4.92x10° mmHg at 25°C) the losses inside the AFT were very high and we could not

investigate its photo-oxidation.

The selected VOCs (high purity Sigma Aldrich) were constantly introduced into the AFT
through a permeation oven system: a 8cm length permeation Teflon tube filled with liquid
VOC. The permeation tube was inserted in an oven at variable temperature depending on the
VOC vapor pressure and then flushed with constant N, flow. In some cases, more than one VOC
has been introduced in the AFT for the experiment. In those cases, two or even three
permeation ovens were used, one for each YOC. Oven temperature and flushing flow are key
parameters in determining the VOC concentration injected into the AFT. Naphthalene is a solid
compound therefore another injection method has been deployed. The compound was
weighted and inserted in a teflon tube, then it was located in a permeation oven. The injection

was assured by passing a continuous flow of N, .

Typical flows coming out from permeation ovens ranged 5-20 cm’®/min. Temperature
increase in the oven would induce higher vapor pressure and increase of the VOC
concentration. Depending on the VOC, the temperatures ranged between 30 and 90°C. Table

2.3. shows the vapor pressure in mmHg for several compounds at 30, 60°C and 90°C.

Table 2.3. Vapor pressure of used compounds (in mmHg) at 30, 60 and 90°C.
‘ Compound Vap. Press. @ 30°C Vap. Press. @ 60°C  Vap. press. @ 90°C

Toluene 40 150 400
Nonane 8 27 105
Cyclohexane 120 400 1000
Naphtalene 0 0 0.02

Wall losses of the injected VOCs have been evaluated. Cyclohexane did not show any
wall loss. Toluene showed low losses of 1% at room temperature and up to 5 % at 7°C. Nonane
showed a loss of 15% at 7°C. Naphthalene showed a loss of 10%. Such losses have been taking
into account when interpreting the photoxydation results. For first, second and third

generation products, the situation is more complicated and wall losses have not been evaluated
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yet. Several reaction products are not commercially available but for other, commercially
available, wall losses characterization is certainly needed and will be performed at the LCE in

the near future.

2.2.4. Hydroxy radical precursor

The hydroxy radical ("OH) is the main atmospheric oxidation agent. The rate constants
of the selected YOC with "OH radical oxidant are listed in table 2.4.

Table 2.4. Rate constants for selected VOCs with "OH radical oxidant and corresponding lifetimes.

(cmg(/;"?;fecg:ls-s) Hitsarma (o
Toluene 6x10™"? 47
Nonane 9x10™" 36
Cyclohexane 6x10™"2 64
Naphthalene 2x10™ 5.8

Source: NIST Kinetics database

The "OH radical concentration was evaluated indirectly by the determination of the
VOC decay following the procedure suggested by Barmet et al.!”*! Using the initial and the final
VOC concentration, the kinetic rate constant (koy) and the residence time, the "OH radical

concentration is derived using the following equation.
In([VOCli=¢na) = (=k - t - [OH]) + In([VOC];=0) [2.7]

The so-called “OH-clock exposure” was calculated as suggested by Li et al. 2015 4
This procedure allows to related the concentration of "OH radicals used during the laboratory
experiment to an "OH exposure” that the VOC would experience under atmospheric conditions.
Using an average daily atmospheric "OH exposure of 1.5x10° molecules/cm® ® | the "OH
exposure and the residence time in the AFT for each experiment (between 10 and 13 minutes),
the corresponding OH-clock is calculated as follow:

molec

OH exp in tube ( g

) - residence time (seconds)
OH clock (days) =

molec [2.8]

cm3

) . 86400 (seconds)

average daily OH ( day

In AFT experiments the "OH radical concentration ranged from 5.9x10” to 3.8x10°
molecules/cm?® which corresponds to 8 and 28 hours of exposure to "OH radical respectively.
During AFT experiments VOC reaction products of first, second and third generations were

identified (see chapter IV).

Several "OH radical precursors can be used in experimental studies. The most common
are nitrous acid (HONO), methyl nitrite (CH;0NO) and isopropyl nitrite (IPN) or for chamber

experiment with long residence time, also NO, can be used. The IPN was used as "OH radical
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precursor in our experiments since it is a liquid and can be easily introduced in a controlled
and constant amount using a permeation tube inserted in an oven at 35-40°C. The IPN was
synthesized following the method described by Taylor et al.?*! by adding a cold mixture of 2-
propanol (99.5%, Sigma Aldrich) and diluted hydrochloric acid (37%, Sigma Aldrich) to an
aqueous solution of sodium nitrite (reagent grade, Sigma Aldrich). After synthesis, a saturated

cold solution of sodium bicarbonate (reagent grade, Sigma Aldrich) was used to wash the IPN.

The IPN photolysis occurs inside the AFT once the UV-lights are switched on. This
reaction starts with the decomposition of the IPN molecule to form nitrogen monoxide and
alkoxy radical. This radical rapidly reacts with the oxygen present to form acetone and
hydroperoxyl radical, which at the end reacts with the previously formed nitrogen monoxide to
produce nitrogen dioxide and the desired "OH radicals. At the end of the process, theoretically,

one molecule of acetone, NO, and one of "OH radical are formed.

C3H,NO, + hv > C3H,0° + NO [2.9]
C3H,0° + NO + 0, -» C3Hy,0 + HO} + NO [2.10]
C3Hs0 + HO5 + NO — C3Hs0 + NO, + HO" [2.11]

Formation of acetone as a co-product in the generation of ‘OH radical could be a
potential problem. Acetone can also react with the oxidant and be in competition with the
VOC, especially for experiments where two permeation tubes of IPN were used in order to
obtain a higher amount of "OH radicals. However, the OH-rate constant of acetone is
approximately 1.7x10™" cm?®/molecules s, one or two order of magnitude lower than the rate
constant between OH and the selected VOCs. In addition, the reaction products formed by
acetone degradation have been properly identified and not taken into account for VOC

degradation products study.

2.3. Instrumentation

2.3.1. Gas phase chemical composition
2.3.1.1. Horiba gas analysis system (IFSTTAR)

The HORIBA system was used for emission test only. The system provides real time
measurement of carbon monoxide (CO), carbon dioxide (CO,), total hydrocarbons (THC),
nitrogen monoxide (NO), nitrogen oxides (NOyx) and methane (CH,4). Dry air dilution allowed

partial removal of the water vapor in the sample.

The system measures the FTIR absorption spectrum of the CO and CO; in the range 400 -
4000cm™ called Mid Infrared (MIR) domain. Molecules absorbing MIR radiation get changes in
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their vibrational and roto-vibrational energy levels. In a conventional IR spectrophotomer, an IR
beam is directed through the sample chamber and measured against a reference beam at each
wavelength of the spectrum. The heart of an FTIR Spectrophotometer is a Michelson

Interferometer, presented in figure 2.9.
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Figure 2.9. Schematic diagram of a Michelson interferometer, configured for FTIR.

Radiation from an IR source is directed through the sample cell to a beam splitter. Half
of the radiation is reflected from a fixed mirror while the other half is reflected from a mirror
which moved continuously over a distance of about 2.5 pm. When the two beams are
recombined at the detector, an interference pattern is produced. A single scan of the entire

distance takes about 2 seconds and is stored in the computer.

The NO and NOx are measured by chemiluminescence which is the emission of light of
excited NO; generated by the reaction between NO and ozone. This NO, return to lower energy
state by releasing photons of light.?”> 28! Emission of light is then measured by a photometer.
Emission of light will be proportional to reacted NO. Before the measurement, the sample
passes in a catalytic converter where NOx are transformed into NO. The concentration of NO, is
determined by the subtraction NOx-NO.

THCs and CH, are measured by Flame lonization Detection (FID). The technique is based
on the detection of ions formed during the combustion of organic compounds in a hydrogen
flame. lons are detected using a metal collector which is biased with a high DC voltage. The
generated current from these ions is proportional to the concentration of analytes in the gas
stream.™ 3% The current is sensed by an electrometer, converted to digital form, and sent to

output device. Working principle of FID technique is presented in figure 2.10.
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Figure 2.10. Schematic diagram for Flame lonization Detection (FID).

The instrument measures the pollutant concentrations by two methods for each test. A
first measurement is made continuously during the cycle and the analyzers give a concentration
value in real time. The exhaust gases are then stored in Teflon bags that fill during the cycle.
At the end of the cycle, the contents of the bags are re-injected into the analyzers, which

measure the concentration of the average emissions of the cycle.
2.3.1.2. Proton Transfer Reaction Mass spectrometry

Concentration of VOCs were monitored by a Proton-Transfer-Reaction Time-of-Flight
Mass Spectrometer (PTR-ToF-MS 8000, lonicon Analytik GmbH, Austria). The PTR-ToF-MS
principle of operation is described in detail elsewhere.B" 32 A schema of the PTRMS working
principle is showed in figure 2.11.

PTR Drift Tube ToF-MS

Hollow
catode

Sampleinlet

Figure 2.11. PTRMS working principle.
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Briefly, a hollow cathode (ion source) forms hydronium primary ions (H;0") from pure
water vapor. The H30" ions act as proton donors to most organic analytes in an electrostatic

drift tube that is constantly flushed with the analyte gas:3 34

VOC + Hy0% - VOCH* + H,0 [2.12]

Molecules and ions undergo many collisions at a drift tube pressure of 2 to 2.5 mbar
which leads to high ionization efficiencies. The electric drift field prevents cluster formation.
Mass spectrometric analysis is carried out in a medium-resolution (m/Am ~4000-5000) time-of-
flight mass spectrometer. The main advantage of PTR-MS over other CIMS methods is its ability
to quantitatively (+30%) detects almost all organic analytes (i.e. non-polar and polar) without
external calibration. PTR-MS technique can produce a single analyte ion or minimal
fragmentation, resulting in quite simplified mass spectra when compared with other techniques

as electron impact mass spectrometry.

Proton transfer reaction can occur only if the proton affinity (PA) of the target VOCs is
higher than that of the water (166 Kcal/mol). Most of the VOCs are ionized by H30", however,
some compounds own lower PA than the water or in the same range, which makes very difficult
or impossible to monitored them by this instrument. The PTR-MS technique is able to detect

most of aldehydes, ketones, alcohols, acids, esters as well as many unsaturated and aromatic

hydrocarbons.>>3"] Table 2.5. shows some PA values of typical VOCs in comparison with water.
Table 2.5. Values of proton daffinity for some typical VOCs.

Compound Formula PA (Kcal/mol) Mass (amu)
Water H,0 166 18.010
Ammonia NH; 203 17.026
Formaldehyde CH,0 171 30.01
Methanol CH,O 181 32.026
Acetaldehyde C,H,O 186 44.026
Formic acid CH,0, 178 46.005
Acetone C;H,O 196 58.041
Glyoxal C,H,0, 161-165 58.005
Propanol C;3HgO 190 60.057
Cyclohexane C¢H12 164 84.093
Toluene C/Hg 187 92.062
Phenol C¢HsO 195 94.041
Naphthalene CioHs 191 128.06

n-linear alkanes (C¢-Cy3) CoHyg 160-165

Sources: NIST and Béhme et al., 2017

The PTRMS is composed by an ion source for the production of the H;O" ions, the

reaction region where the proton transfer between the ions and the neutral analytes takes
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place, and the mass analyzer where the detection of ionized analyte occurs. In the ion source,
a high voltage is applied between the anode and the cathode through which a humid air flow
(18 mQ, ultrapure water) passes in order to generate the H;0" ions. The generated ions are
then introduced into a drift tube. Concentric rings arranged over the entire length of the

138, 391 which accelerates the ions towards the time of

reactor, mantain a gradual electric field,
flight mass spectrometer. The temperature can vary between 60 and 130°C, pressure is about
200 Pa and the reduced electric field chosen during the experiments was of 114 Td (1 Td = 10"
V cm?). Time of flight is composed of four regions, namely: the acceleration region (pulser),
the steering plates, the field free flight tube and the detector. All components are under high
vacuum (<10°® mbar), as collisions with gas molecules will cause scattering of the ion beam and

perturbation of the ions flight. Figure 2.12. illustrates the principle of the time of flight
< d N
E
From source____.
- i T Sea
N::::H‘:"C)‘“ Analyteions
TN 'f_“-.._ Reflector

Figure 2.12. Time of flight principle.

technique.

In a ToF-MS, each ion is given an equal amount of kinetic energy by accelerating the ion
pool over a finite distance. Thus, ions will travel with a terminal velocity proportional to their
mass to charge ratio (m/z). lons with lower mass will acquire greater velocity and will have a
shorter time of flight to detector. If distance in the field free region is fixed and known, each
jon of specific mass-to-charge ratio will have its own time-of-flight. “**! Consequently, the
measurement of it is employed to determine its m/z, assuming that the potential energy of a

charged particle in an electric field is converted into kinetic energy.

A reflector, composed of electrostatic mirrors, is placed upstream of the detector in
order to optimize the collection of ions on the Micro Channel Plates (MCPs). The detector has a
filter at its input to reduce the saturation due to the H3;0" ions. The output of the MCP is sent
via a pre-amplifier to a time-to-digital converter (TDC). The TDC is responsible for triggering
the pulsed extractor and recording ion arrival times at the detector. The measurements of ion

signals provide a means for quantitative determination of the VOC concentration set as:
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[VOCH*),

o, - k-[voc] -t [2.13]

If k and t are known, the concentration of specific analyte can be determined through

the measurements of the VOCH"/ H;0" signal ratio.

PTRMS data were processed using Igor Pro 6.37. version (Wavemetrics, Inc.) coupled to
standard PTR data analysis toolkits (Tofwerk Inc, Switzerland) version 2.5.10. and PTR-ToF-
data-analyzer-toolbox v4 (Universitat Innsbruck, Austria). Used K rate for each detected mass

can be found in table AV.17. in the annex V.

2.3.1.3. Automatic Thermal Desorption Gas Chromatography Mass

Spectrometry

For experiments where PTR-MS was not available for some VOCs, off-line analyses based
on gas-chromatographic separation and mass spectrometry detection has been used. This
analysis required a pre-concentration step to achieve the detection limits. In most of the cases,
the pre-concentration step is combined with the sampling step. One of the widely used
sampling techniques is the active sampling by enrichment on solid adsorbents. Active sampling
of VOCs consists on pumping air through a tube filled with selected adsorbent. Tubes can be
packed with one or more different adsorbents, depending on the wide volatility range of the
compounds. Common adsorbents used are porous organic polymers such as Tenax TA (poly-(2,6-
diphenyl-p-phenylenoxide) or graphitized carbon blacks (Carbotrap, Carbopack) or Carbone
molecular sieves (Carbosieve, Carboxen ...). In case of these study, multibed-tubes containing
Carbotrap C, Carbotrap and Carbosieve SllI were used for complete adsorption of VOCs of
interest. The desorption of the analytes could be either done by solvent or thermal desorption.
In this work, collected VOCs were further analyzed by automatic thermal desorption directly
coupled with capillary gas chromatography with mass spectrometry. The analytical chain is
presented in figure 2.13.

Figure 2.13. TD-GC-MS analytic system, a) sample changer, b) thermo-desorber, c) air server, d) mass
spectrometer, e) gas phase chromatograph.
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The thermo-desorption system (Markes International Limited, Llantrisand, UK) includes
the sample charger (100 samples), model Series Ultra 2, including ten trays of ten tubes and
the thermo-desorber, model Unity 1, including a thermo-desorption furnace, a cryogenic trap
(adsorbing phase) cooled by Peltier effect and analyte transfer line to the chromatograph

(temperature controlled, column disabled).

The gas chromatography mass spectrometry (GC-MS) system (Agilent Technologies Inc.,
Santa Clara, USA) includes a gas chromatograph, model 6890N and a mass spectrometer model
5973, having a quadrupole mass filter and an electronic impact source. The principle of the
thermal desorption consists in a two-step desorption. The first one consists to transfer the
VOCs trapped from the sampling tube to a thin cryogenic trap. This cold trap was then
desorbed during the second desorption step by flash heating. The compounds were then
injected into the GC and detected by mass spectrometry. The sampling and analytical

conditions used in this work are indicated in Table 2.6.

Table 2.6. ATD-GC-MS conditions

Thermodesorption

Injection mode split
Split ratio 10/1
Purge duration 2 min
Primary desorption duration 8 min
Primary desorption temperature 300C
Desorption flow 35 mL/min
Cold trap temperature -10°C
Inlet split
Secondary desorption duration 3 min
Secondary desorption temperature 310 °C
Outlet split 15 mL/min
Interface temperature 150°C
Carrier gas He
Flow rate 1.4 mL/min
Capillary column DB-VRX 6Q m, i.d 0.25 mm, film
thickness 1.4 pm
Oven temperature 0°C (5 moin), §°C/mir3, 100°C,
15°C/min, 230°C
lonization mode Electronic impact
Electron energy 70eV
Scan 20-300 uma

Calibration of the system was performed by liquid doping of the adsorption tube. 1 pL

of VOC solutions used as reference standards was injected in the sampling tube, using the
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heated injector port of a conventional gas chromatograph set at 250°C and a flow of helium set
at 60 mL/min over 4 min to evaporate the solvent and to ensure the repeatability of the

injection.

Once prepared, the calibration tubes are analyzed by ATD-GC-MS as described earlier.
As it was not possible to calibrate all the identified VOCs, the calibration curves were
performed for only 22 compounds: benzene, toluene, ethylbenzene, m-xylene, 1,3,5 tri-methyl
benzene, naphthalene, 1-butanol, propan-2-ol, heptanol, cyclohexane, dimethylpentane and
linear alkanes from nonane to nonadecane. Response factor of named compounds can be found
in table AVI.1 in annex VI The quantification of the non-calibrated compounds was performed

using the response factor of the calibrated molecules of the family.

2.3.2. Aerosol chemical composition

2.3.2.1. Aerosol Mass Spectrometry

Aerosol composition of secondary organic aerosol from VOCs aging as well as primary
emissions from vehicles has been measured by a Time-of-Flight-Aerosol-Mass-Spectrometry,
ToF-AMS (Aerodyne Research Inc; Time-of-Flight MS, Tofwerk AG). The ToF-AMS allows real
time and size-resolved analysis of non-refractory particles. The instrument can’t analyze soot
and metals. The ToF-AMS consists of three different sections: the aerosol sampling lens, a
particle-sizing section and the particle detection and chemical analysis units."*" A general

scheme of AMS and the different parts are shown in figure 2.14.

The instrument samples continuously at atmospheric pressure with a flow rate of 80
cm®/min through a critical orifice of 100 pm. 6 turbo pumps assure a progressive vacuum inside
the instrument. Then, particles are guided through a five aerodynamic lenses system in the
vacuum conditions (= 107 hPa) and focused into a narrow and collimated beam. These lenses
own a circular aperture that sequentially decreases its internal diameter (from 5mm to 3mm).
Transmission efficiency is function of the particle size. Thus, spherical particles in the range of
70 to 650 nm are transmitted with 100% efficiency. Smaller particles have too little inertia to
be focused and the majority of them are removed by the first turbo pump. The supersonic
expansion of the beam lens leads to a size-dependent particle velocity distribution, where
small particles travel faster than larger ones. Particle velocity is then calculated by measuring
the particle-time-of-flight over a known distance. Time of flight measure is possible through a
“chopper” (rotating disc at 150 Hz with two slots positioned 180° apart), which determines a

discontinuous flow of particle that will be able to be distributed into the vacuum chamber.
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Figure 2.14. a) general scheme of c-ToF-AMS b) working principle of aerodynamic lens in HR-ToF-AMS through
FLUENT software simulation and c) working principle of thermal vaporization and electron impact ionization.
(Source : Drewnick, 2005 ; Jayne, 2000 and Alfarra, 2004)
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Once the particle time of flight has been determinate, the vacuum aerodynamic
diameter can be calculated.”" Classical volume-equivalent and vacuum aerodynamic

diameter are linked by equation below:

D
D,, =222 [2.14]

" po Xv

where D, is the vacuum aerodynamic diameter, D, is the classical volume-equivalent
diameter, pp is the density of the particle, pois the unit density (1 g/cm?®) and g, is the dynamic

shape factor (being 1 for spherical particles and less for ammonium nitrate or other salts).

Particles are then vaporized on a tungsten plate (vaporizer) heated to a temperature
around 600-700°C. The non-refractory fraction of the particles, flash vaporizes upon contact
with the surface on a time scale of few microseconds, and the gaseous molecular analytes are
then ionized at 70 eV. Positive ions are directed in the Time-of-Flight module (see section
2.3.1.2.).

The detector is again a MCP detector (see section 2.3.1.2). A preamplifier is used then

to convert the signal into voltage, which is sampled using National Instruments data acquisition
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cards on the controlling computer.P**"! The data acquisition software receives the voltage
outputs from the preamplifier, which are directly proportional to the electrical current outputs
of the electron multiplier detector. The latter are divided by the average single ion signal
strength in order to be converted to detected ion rates.”®! Following the formula adapted from

[49]

Jimenez et al."™; it is possible to convert ion rate signal, /, to equivalent mass concentration,

C in pg/m’.
C=— ——o-1 [2.15]

where MW is the molecular weight, N, is Avogadro’s number, Q is volumetric flow into
AMS and IE is the lonisation Efficiency. IE is defined as the ratio of the number of ions detected
by the electron multiplier to the number of available desorbed molecules of the parent

chemical species.™

AMS data were processed using Igor Pro 6.37 version (Wavemetrics, Inc.) coupled to
standard AMS data analysis toolkits “SQUIRREL” version 1.20A. Mass concentrations of total
organics, sulfate, nitrate and ammonium are measured in HR-ToF-AMS and C-ToF-AMS. The
single particle organic matter species detection limit is =40 ng/m*® and the HR-ToF mass
analyzer is able to resolve isobars up to m/z 400, which covers the usual m/z-range of the
organic ionic fragments. The instrument has some drawbacks, since the electron impact lead to

high fragmentation of the analyte ions.
2.3.2.2. Chemical Analysis of Aerosol Online

The sub-pm Organic Matter (OM) is composed of thousands of individual organic
compounds. None of the currently available analytical techniques provides a comprehensive
organic speciation of atmospheric PM. The chemical identity of particle species is needed for a
better understanding of OM sources, processing and physical and chemical properties and
health impacts. In this framework, the Chemical Analysis of Aerosol Online” (CHARON) inlet

tool has been developed. ®® Figure 2.15. shows the configuration of CHARON inlet.®]
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Figure 2.15. CHARON inlet configuration. (Source: Eichler, 2015)
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CHARON inlet coupled to PTR-MS enables to sample and analyze submicron particle
matter in-situ and real time resolution. The CHARON inlet is formed by a gas phase denuder
(GPD) used for efficiently strip off the gas phase analytes. The GPD consist of a NovaCarb F
activated charcoal monolith (Mast Carbon International Ltd., Guilford, UK) with a channel
density of 210 channels per inch and an open cross section of 36%. The cylindrical denuder (L:
5cm, OD: 3cm) is mounted in a stainless steel housing sealed with Viton ® O-rings. In order to
avoid particle losses through surface collisions, the flow through the GPD is kept laminar with a
residence time of about one second. First, the GPD was able to remove with an efficiency of >
99.999% of various gas phases analytes injected in the ppbv concentration including (Figure
2.16.a).

In figure 2.16.b the transmission efficiency of particles through the GPD has been
calculated for ammonium nitrate, ammonium sulphate, glutaric acid and methylglyoxal
solution.®! Thereby, particles below 50 nm are poorly transmitted (<20%), particles in the
range of 50-150 nm progressively increase until reach the maximum value of transmission

around 90% for particles between 150-750 nm.
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Figure 2.16. a)Comparison of measured and injected acetone for removing efficiency of GPD. b) Transmission
efficiency of the GPD for size selected particles generated from ammonium nitrate (AN), ammonium sulfate
(AS), glutaric acid (GA) and methylglyoxal (MG). (Source: Eichler, 2015)

Once the gas phase has been removed, particles analyte are guided through the
aerodynamic lens (ADL) in order to focus and enrich the particle beam (see section 2.3.2.1.).
At the exit of the ADL lenses a Varian TriScroll 600 pump (Agilent Inc., Santa Clara, USA)
remove residual gas phase. Ratio between inlet and outlet flow determine the enrichment
factor of particle sample, which theoretically has a value of 75.1°%! Laboratory experiments
show that the realistic enrichment factor is around 26 in the range of particles of 200-750 nm
(Figure 2.17.).F® Differences between theoretical and measured enrichment factor are likely
due to particle deposition at and behind the initial critical orifice. During the experiments

performed in the framework of my PhD, the enrichment factor ranged between 12 and 25 for
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different experiments depending mainly on the initial seed diameter (from 113 nm up to 150

nm).
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Figure 2.17. Enrichment factor of the ADL for ammonium nitrate (AN), ammonium sulphate (AS) and
dimethylaminium nitrate (DMAN) particles in the 200-750nm size range. (Source: Eichler, 2015)

The collimated particle beam is sub-sampled into a heated passivated stainless steel
tube heated at 140°C-160°C. This heated tube is herein called thermal desorption unit (TDU).
An electrically insulating perfluoroalkoxy (PFA) tube was used to connect the TDU to the drift
tube of the PTR-MS. Commercial PTR-MS instruments can be operated at drift tube
temperatures up to 130 °C. For the measurements carried out in the frame of this dissertation,

recondensation of analytes on drift tube surfaces was found to be a minor problem.

During the laboratory experiments a bypass allowed to switch between PTRMS gas phase
mode to PTRMS-CHARON particle phase mode. These sampling modes were alternated every
15-20 minutes. The data were processed using Igor Pro 6.37. version (Wavemetrics, Inc.)
coupled to standard PTR data analysis toolkits (Tofwerk Inc, Switzerland) version 2.5.10. and

PTR-ToF-data-analyzer-toolbox v4 (Universitat Innsbruck, Austria).
2.3.2.3. Transmission Electron Microscopy

Particle samples were collected on grids using a Mini Particle Sampler system developed
by R’Mili et al.®” in order to study particle morphology and elemental composition. The grids
were then analysed by Transmission Electron Microscopy (TEM) technique. The grids consist of
microporous amorphous carbon of small thickness (5 nm-20 nm) type Quantifoil 1.2/1.3 400
mesh (Agar Scientific®). The particles entrained by the gas flow are deposited on the grid by
impaction, interception and diffusion as a function of their diameter.™ Figure 2.18. presents

the TEM grid sampling system.
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Figure 2.18. TEM grid sampling.

TEM is a microscopy technique that uses electrons to determine the shape and
dimension of solid specimens. The image is formed from the interaction of the electrons with
the sample as the beam is transmitted through the specimen. The electron gun is based on a
heated (up to 2500°C) tungsten filament or a LaB, cathode heat. The system of condenser
lenses gives a demagnified image of the source on the specimen. The radiation interacts with
the specimen and is scattered. The scattered radiation is brought to a focus by the objective
lens, which gives a magnified image of the specimen on the image plane. Then, a system of
projection lenses magnifies the intermediate image on a fluorescent screen.! Chemical
analysis of specimen can be carried out by using TEM coupling with energy-dispersive X-ray
spectroscopy (EDX). The technique relies on an interaction of X-ray excitation and a sample. At
rest, an atom within the sample contains ground state (or unexcited) electrons in discrete
energy levels or electron shells bound to the nucleus. The incident beam excites an electron in
an inner shell, ejecting it from the shell while creating an electron hole where the electron
was. An electron from an outer, higher-energy shell then fills the hole, and the difference in
energy between the higher-energy shell and the lower energy shell is released in the form of an
X-ray. The number and energy of the X-rays emitted from a specimen can be measured by an
energy-dispersive spectrometer. As the energies of the X-rays are characteristic of the
difference in energy between the two shells and of the atomic structure of the emitting

element, EDX allows the elemental composition of the specimen to be measured®”

2.3.3. Monitors

A Scanning Mobility Particle Sizer (SMPS) was used to determine particle size
distribution and total particle number concentration. A schema of the SMPS principle working is

shown in figure 2.19.
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Figure 2.19. SMPS operating principle with detail working principle of impactor, DMA and CPC. (Source:
Hinds, 1999 and Kim, 2009)

The SMPS is composed of a Differential Mobility Analyzer (DMA) and Condensation
Particle Counter (CPC). Firstly, 300 ml/min aerosol flow passes through the impactor that
removes large particles by forcing the flow to make 90°C direction change. Driven by their
inertia, particles whose mass and speed are such that they cannot modify their trajectory are
deposited on the impactor plate. Then the aerosol flow passes through a X-ray source (Kr85
source/neutralizer model TSI 3087). Particles are electrically charged in order to reach a

stationary state called “Boltzmann balance”.!** ¢!

The particles enter into the DMA column (TSI, Shoreview, Minnesota, USA, model 3081)
where they are selected according to their electrical mobility; Z,. The DMA consists of two
coaxial cylinders between which an electric field is applied. The electric field accelerates the
positively charged particles and then they are precipitated along the column.” % The particle

precipitation depends on their electrical mobility, Z,.

n-e-Cy,

Z,=5——"— 2.16
p S.n-n.Dp'm [ ]

Where n is the number of charge, e is the value of the charge, C, is the Cunningham
factor, 7 is the air viscosity and D, is the electrical mobility diameter of the particle.

Thereby, electrical mobility depends on charge and particle size. Each voltage value
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corresponds to a certain electrical mobility and therefore a certain particle diameter. A range
of electrical voltage is thus swept over time by the central electrode in order to obtain a range
of diameter. Electrical voltage can be set at one value, corresponding with a single mobility
diameter. In that configuration, DMA is able to provide a monodisperse aerosol flow at the
outlet from a coming polydisperse aerosol flow. This second configuration was used to generate

monodisperse ammonium sulfate (AS) seeds.

Particle beam enters into the CPC (TSI, model 3776) for being counted. CPC counts
particles ranging from 5 nm to 3000 nm in real time. The flow passes first through a heated
tube saturated with butanol vapor. The sample stream passes then into a cooled condenser
where the butanol vapors condense onto the particles, increasing their size. The particle is
then detected by optical methods. When the droplets cross a laser beam, each droplet scatters
light onto a photo diode. These signals are continuously counted and displayed in particles/cm?
per second. CPC has been used in single configuration to count directly primary particle

number from vehicle emissions or associated to the DMA column.

The Fast Mobility Particle Sizer (FMPS) was used for particle size distribution and
particle concentration measurements during vehicle emission studies. The working principle is

presented in Figure 2.20.
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Figure 2.20. FMPS operating principle. Source: dieselnet.com

The FMPS (TSI, model 3091) measures particles between 6 nm to 560 nm with time
resolution of one second. Large particles are removed in a cyclone. Particles are positively
charged using a corona charger and injected in the column where an electrical field is applied.
Particles are deposited on different electrometers corresponding to their electrical mobility.

FMPS contains 22 highly sensitive electrometers that allow size segregated concentration
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measurements of particles. A real-time data inversion procedure is then used to deconvolute
the data.

The Scanning Mobility Particle Sizer with Faraday Cup Electrometer (SMPS+E) is a
granulometer composed of a classifier (DMA) and a particle counter that uses a Faraday cavity.

Figure 2.21. shows the working principle of Fadaray cup electrometer.

Sample Air

N Faraday Cup

s B Filter

Isolation

Rinsing Air

Resistor

Figure 2.21. Faraday cup electrometer operating principle. Source: grimm-aerosol.de

The monodisperse particle beam from the DMA is sent to a metal filter in contact with
the Faraday cavity. Thus, the charged particles produce an electric current, which make it
possible to go back to a particle number. It provides accurate number and size of ultrafine
particles. SMPS+E owns particle range from 2nm to 56nm while maximum concentration is

about 1x10°® particles/cm’.

The soot carbon particles were measured by an Aethalometer (AE 33-7, Magee
scientific, Berkeley, CA, USA) and a Multi-Angle Absorption Photometer (MAAP 5012, Thermo
Fisher Scientific, Waltham, MA, USA). Figure 2.22. shows the aethalometer working principle.
The working principle of the Aethalometer is based on the optical attenuation on incident
light. The aerosol flow is deposited on a filter tape where sensitive detector measure the
difference on light intensity transmitted between a clean portion of tape (reference) and the
collecting point. Decreasing in light intensity is interpreted as an increase of particle
concentration. Thus, knowing the volumetric flow coming, concentration can be calculated.
The aethalometer owns seven wavelengths ranging from ultraviolet (UV) to infrared (IR),
namely: 370, 470, 525, 590, 660, 880 and 940 nm. The 880 nm wavelength corresponds to the

maximum absorption of black carbon.!®: 7%
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Figure 2.22. Aethalometer working principle.

The MAAP instrument (Thermo-Scientific model 5012) was developed to reduce the
uncertainties in black carbon measurements caused by aerosol scattering and includes multiple
scattering effects and absorption enhancement due to reflections from the filter. This
calculation is based on the transmitted and reflected phase functions which are defined by
directly measured values of transmission, direct and diffuse back scattering. Laboratory work
showed that the diffuse back scatter component was a strong function of the fraction of
scattering aerosol, being decreased (relative to the filter) for low scattering fractions and

increased for high scattering fractions.

The NOx concentration was monitored by a CLD 88 nitrogen oxide analyzer (Eco physics,
Duernten, Switzerland) during laboratory experiments. This analyzer can measure in the range
5-5000 ppbv. The working principle of the instrument is based on the chemiluminescence

technique (see section 2.3.1.1.). Figure 2.23. Shows a scheme of the nitrogen oxides analyzer.
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Figure 2.23. Nitrogen oxides analyzer scheme. Source: www.Ecophysics-us.com)
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In the framework of the CaPVeREA project (ADEME), the emissions of six vehicles were
measured at the chassis dynamometer at the French Institute of Science and Technology for
Transport, Spatial Planning, Development and Networks (IFSTTAR). Full description of the
vehicles can be found in the chapter II. Briefly, three diesel vehicles (two Euro 5 and one Euro
6) and three gasoline vehicles (two Euro 5 DI and one Euro 6 DI) have been investigated.
Measurements were representative of real driving conditions during Worldwide Harmonized
Light Vehicles Test Cycle (WLTC) and Common Artemis Driving Cycles (CADC). Emission factors
of regulated compounds and some non-regulated compounds, as well as, temperature and
dilution conditions studies have been carried out by the IFSTTAR group. Most of these data can
be found in the PhD thesis of Cedric Louis, in two published papers " % and in the CaPVeREA
report (ADEME). Emission factors and transient profiles of regulated compounds for other two
vehicles (D3 and GDI3) are reported here for the first time. Table 3.1. summarizes the
measurements and the instrumentation deployed for each vehicle. My contribution to the
emission studies focused on unregulated gaseous pollutants as BTEX and IVOCs as well as PM

chemical composition, morphology and granulometry.

Table 3.1. Relation of vehicles used for each study.
DIESEL GASOLINE
Vehicule D1 D2 D3 GDI1 GDI2 GDI3

Engine 1.5 DCI 1.5 DCI 1.6 TDI 1.2TSI 1Sce 0.9 TCE

Standard Euro 5 LUIvU ou o __

— CVS/FPS- CVS/FPS-
Dilution CVS 4000 FPS-4000 CVS 4000 FPS-4000

Chemical composition

(AMS) X X X
Morphology (TEM) X X X
Elemental Composition X

(EDX)

CVS vs tailpipe study

Nanoparticles study

BC (Aethalo./MAAP) X X X X
Particle distribution

(FMPS/SMPS) 6-600 nm | * X X
Particle distribution X X
below 55 nm (SMPS+E)
EF regulated X* X* X* X* X* X*
compounds
Regulated transient X X
Gas phase (TD-GC-MS) X X
Gas phase (PTRMS) xX** X**

* Analyzed/published by IFSTTAR. **Data provided from Prof. Wisthaler group Univ. Oslo (Norway).
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3.1. Particle Emission Study

3.1.1. Impact of dilution system for particle measurements

As described in chapter I, two dilution systems were used during the emission studies:
one directly at the tailpipe using a Fast Particle Sampler (FPS-4000) and a second one, a
Constant Volume Sampler (CVS) system. Comparison of the two dilution systems was performed
with the following conditions: FPS-4000 first dilution stage at 50°C and a second at room
temperature and an average dilution ratio of 30 and the CVS with an average dilution ratio of
13 and a temperature of 25°C. Major differences in particle size distribution and number
concentration are observed when comparing the two dilution systems during a WLTC cold start

cycle for a gasoline DI Euro 6 vehicle (figure 3.1.).
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Figure 3.1. Particle number concentration for gasoline DI Euro 6 (GDI2) vehicle during WLTC cold start cycle,
sampled after tailpipe (a) and after CVS dilution system (b).

This figure clearly shows higher PN concentration and shift of the size distribution is
observed in the CVS with respect to tailpipe measurements. These observations can be
explained by nucleation and condensation phenomena taking place in the CVS when semi-

volatile compounds are present in the exhaust. These latter can readily condense or nucleate
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during cold and weak dilution (in the CVS). Nucleation can therefore explain particle number
increase after CVS dilution. This phenomenon has been previously reported as consequence of
exhaust dilution.? “ Condensation is also favored at low temperatures and can explain particle
growth onto soot particles. Half-time coagulation was calculated by Louis et al.!? for typical
particle number concentration and particle sizes observed in this experiment and the authors
reported half-time coagulation in the order of minutes, while the residence times inside the
CVS ranged from 2 to 10 seconds. Thus, particle coagulation is not important inside the CVS
tunnel. Other authors also reported similar bias during measurements of car emission in CVS
system.!? 58 |n view of what observed in figure 3.1., most of the particle studies presented in
this document are relative to tailpipe measurements. On the other hand, CVS results will be

presented for regulated gas phase pollutants, since they were not affected by CVS dilution.

3.1.2. Gasoline Particle Emission

An extensive number of instruments have been deployed to investigate the size
distribution, the morphology and the chemical composition of Euro 5 and Euro 6b GDI passenger
cars. The chemical composition was investigated using an Aerosol mass spectrometer (c-ToF-
AMS) and TEM grids. The particle number concentration and distribution was investigated using
CPC, FMPS, SMPS and SMPS+E while BC analysis was based on Aethalometer and MAAP. Figure
3.2. presents the chemical composition of the particle phase (organics, nitrate, PAHs, water,
BC) and particle number concentration and size distribution of PM emitted from an Euro 5 DI
gasoline vehicle during a WLTC cold (a, b) and hot start (¢, d), respectively. Relatively high
concentrations of organic material, BC and nitrate are emitted during the cold start. Emission
of the organic fraction reaches up to 3000 pg/m?* during the first two minutes of the cycle then
it rapidly decreases to 50-100 pg/m>. The organic mass loading increased again to 300 pg/m?
during acceleration and brakes episodes. Cold start period represents 57% of total organic mass
emitted during the cycle. Karjalainen et al.”! reported very similar transient profiles for
organic fraction measured during the first minutes of the NEDC cycle for an Euro 5 gasoline DI

vehicle.

PAHs were also measured in the particle phase during the first 2-3 minutes of the WLTC
cold start. The concentration reached values of 50 pg/m?® during warm-up periods and
decreases rapidly down to instrumental detection limit. Mass loadings of nitrate, between 40-
80 pg/m?, were measured during in the first minutes of the cold start and during the fast
acceleration (motorway) periods of the WLTC cycle. Cold start accounts for approximately 20 %
of total nitrate concentration. Nitrate is formed through oxidation of NO to HNO; and it is

neutralized by the ammonia present in the exhaust.!"® !
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Figure 3.2. Time series of organic, water, NOsy', PAHs, BC particles and particle distribution during a WLTC

cold start cycle (a, b) and WLTC hot start (c, d) for GDI 3 Euro 5 gasoline vehicle.

High loading of BC are also emitted during the first minutes of the cycle reaching

concentrations of 1.4x10* pg/m?®. Cold start accounts for 72% of total BC emissions. The particle

number concentration measured by the FMPS follows the same temporal profile than BC and

organics. These results agree with several previous works that report high emissions of PM at

the beginning of the cold cycle, mainly associated to BC for Euro 4 and Euro 5 GDI and PFI

vehicles.!""! Louis et al.l" studied cold and hot start Artemis Urban cycle for gasoline Euro 5

vehicles and found that cold start emits the double number of particles than the hot start
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cycle. Chen et al.[' indicated that cold start accounts for more than 50% and 70% of total PN

for GDI and PFI vehicles, respectively.

Figure 3.3. shows the mass spectrum and size distribution of organics and PAHs during
the first minutes of the WLTC cold start cycle.
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Figure 3.3. Mass spectra of the organics and PAHs fraction and related size distribution during the first
minutes of a WLTC cold start for GDI3 Euro 5 vehicle.

The organic mass spectrum is dominated by ion fragments C,Hzn.q (M/Z 29, 43, 57, 71,
99...) and C,Hy,.3 (m/z 27, 41, 55, 69, 83, 97...), corresponding to linear and branched alkanes
and cycloalkanes, respectively.!"”” " Others groups as aromatics (m/z 77, 91, 105, 119...) are
also present. The PAHs family is characterized by many compounds (from m/z 200 to 330). The
most intense signals are at m/z 276, 300 and 252, corresponding to C,,H2, Cy4Hi2 and CyoHy
masses and have been previously associated to road transport emissions.!'”?"! Literature work
assigns the ion fragment at m/z 276 to anthanthrene, benzo[ghi]perylene and indeno[1,2,3-
cd]pyrene; the ion fragment at m/z 300 to coronene and the ion fragment at m/z 252 to
benzo[b,j,k]fluoranthene and benzo(e)pyrene. 2*! Recently Mueller et al.** reported among
the most abundant PAHs found in PM from ambient measurements the ion fragments at m/z
202, 228, 252 and 276 corresponding to the Ci¢Hqo, C4sHi2, CooHi2 and CyH43.. The authors
observed an increase of those signals during rush hours, and therefore suggested that these
compounds were originated by road transport. PAHs have also been measured in the particle
phase during tunnel experiments, the authors also reported higher PAHs EFs in wintertime

rather than during summertime.!'”)

Figure 3.3. also shows the size distribution measured by the AMS for organics and PAHs
fractions during the first 2 minutes of the cold start. These chemical species present a mean
diameter centered at 100 nm (vacuum aerodynamic diameter, Dva) during the cold start,

however for the organics a second broad distribution mode is observed, spanning the 100-900
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nm range (which may be explained by the agglomerates or droplets observed by the TEM
images, see figure 3.6. and 3.7.). The FMPS also indicates similar size distribution. The
concomitant size distribution suggests that during cold start soot particles are coated with both
organics and PAHs. Figure 3.4. presents the size distribution of the organic fraction during the
whole WLTC cycle. It can be observed that after the first minutes the organic particle fraction
is centered on 100 nm (Dva) probably coating soot particles. Small particles can't be observed

by the AMS because of the cut-off of the aerodynamic lens.
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Figure 3.4. Size distribution of the organic fraction during a WLTC cold cycle for GDI3 vehicle.

Figure 3.5. presents black carbon and particle size distribution (5-60 nm) of PM emitted
from an Euro 5 DI gasoline vehicle during Artemis Urban cold start (cycle n°1) and Artemis
motorway (cycle n°2-5). AMS and FMPS instruments were not available for those experiments,
hence, particle size distribution above 60 nm and time series of organic and inorganic species

are not reported here.
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Figure 3.5. BC concentration and particle size distribution (5-60 nm) for Euro 5 GDI1 vehicle during Artemis
urban cold start (cycle n°1) and Artemis motorway (cycle n°2-5).

Artemis urban cold start presents higher BC emissions than Artemis motorway.
However, particle size distribution suggests that the emitted particles present a diameter
larger than 60 nm during Artemis urban, while they are considerably smaller around 50 nm
during motorway cycles. For this vehicle BC emissions during cold reach 8x10° pg/m?, slightly
lower that what observed for the GD3 vehicle in figure 3.2.a-b. Artemis motorway cycle

presents ultrafine particles emission (observed between 15 and 60 nm) probably due to high
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temperatures and high exhaust flow. These high speed periods are characterized by BC
emission in the range of 2-3x10® pg/m®. Artemis motorway cycles present good repeatability,
with respect to BC concentrations and particle size distribution. Particle size distribution (14-
300 nm) for GDI2 vehicle during Artemis urban cold start and Artemis motorway cycles are
presented in Figure AIV.2. in the annex IV.

The exhaust particle samples of a Euro 6b GDI vehicle (GDI2) were collected using a
Mini Particle Sampler system (see section 2.3. in chapter Il) and then analyzed using the
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) techniques,
and by energy dispersive spectrometry (EDS) to determine the elemental chemical
composition. The total flow sampling was set at 300 ml/min. PM was collected onto TEM porous
grids. Figure 3.6. shows TEM images from particles sampled during the cold start of a Artemis

Urban cycle (first 2 minutes only) for a Euro 6b (GDI 2) vehicle with a dilution ratio of 50.

Figure 3.6. TEM analysis during Artemis Urban cold start sampled in the first 120 seconds for GDI2 vehicle.

The figure 3.6.a shows an overview of the sample. Figure 3.6.b, ¢ and d show the
fractal structures (chains and agglomerates) that seem to be formed by primary soot spheres of
different sizes and some liquid or viscous droplets between 100 nm to 500 nm, which easily

evaporate when exposed to the electron beam of the microscope. Results are in agreement
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with high black carbon emissions measured by the aethalometer during cold start period for

Artemis urban cycle (figure 3.5.).

Figure 3.7. shows the TEM images from particles sampled during a cold WLTC cycle for
the same vehicle and for a dilution ratio of 40 at 50°C. In total two samples were collected
during the cycle: one at the beginning (from 0 to 3 minutes of cycle) (a-c) and the other at the
end of the cycle (from 26 to 29 minutes) (d-e).

| Figure 3.7. TEM analysis during WLTC cycles for Euro 6 G-DI2 vehicle: a, b and ¢ sampled during the first two
minutes of the cycle and d, e and f sampled at the end of the cycle (from the 26th to 29th minute).

Comparing the Artemis urban cold and the first minutes of the WLTC cold start for the
same vehicle, a higher number of aggregates of fractal material is observed during the Artemis
urban cold. In the last part of the WLTC cycle low fractal material is observed, according to

aethalometer measurements, however the droplets are still observed (Figure 3.2.).

Emission of droplets from the GDI2 vehicle were often observed during all cycles and
during lows and high speed periods, they can have variable sizes ranging from 200 nm to almost
1um (more details about their chemical composition will be give at the end of this section).
Table 3.2. shows the results from the EDX analysis of the particles shown in figures 3.6. and
3.7. On average, these droplets present C and O as major components, followed by S which was
highly enriched (up to 40 wt %) in few droplets. Other minor components as sodium, calcium,

potassium, manganese, phosphorous and nickel are also observed.
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Table 3.2. Particle composition by EDX in mass % analysis for GDI2 vehicle.

Evglr)g;laing Droplets Soot chains Droplet Droplet Droplet Empty
Fig.3.6.b Fig.3.6.c Fig.3.6.c Fig.3.6.d Fig.3.7.a Fig.3.7.b  Grid
c 20 47.7 76.6 28.6 41 68 68
(o) 12.6 28.5 13.4 27.6 21 18 18
Si - 18.7 10 14
S 39.6 16 1.9 7.4 31 1.5
K 2.8 2 0.3
Mn 1.1 0.5 0.2 1.6 0.5
Ni 1.3 0.6 1.7 0.7
P 0.3 1.5 4.3 3.3 1.3
Ca 1.2 16 0.9 1 0.9
Na 0.9 1.5 1 8.4 1.2 1.1
Mg 0.4 0.3 0.6 0.2
Fe 0.5
F 1.5 2.9

Most of these elements seem to be associated with lubricant/oil composition and
additives.™?" Karjalainen et al.””® found spherical particles of variable diameter (10-200 nm)
composed of oxygen, zinc, phosphorous and calcium and suggested that the metals were
originated from the lubricant oil and not from fuel. Elements coming from lubricant oil as
sulfur, calcium, zinc and phosphorous were also reported by Fushimi et al. !

Very few samples contained Fe and F. Fe has been observed in gasoline and diesel

3% and has also found on used lubricant oil while it was almost absent in new

emissions
lubricant oil suggesting that abrasion from engine wear was the main source of the monitored
Fe. On the other hand, organics fluorine compounds have been previously reported in literature
as friction modifiers additives in lubricant oils." Soot chains and agglomerates have also been
analyzed and of course they contain mostly C up to 76% but also O suggesting the presence of
unburned organic material coating the soot particles, which was confirmed by particle mass
spectrometry in figure 3.2. Additional traces of S and P are also found in those agglomerates

which are mostly observed during cold start and not during high speed periods.

Samples collected after CVS from Euro 5 GDI vehicle (GDI1) for Artemis Urban cold start
and Artemis Motorway cycle are presented in figure 3.8. and 3.9, respectively. The figure 3.8.
presents TEM images from particles collected for the first 2 minutes of a cold start Artemis
Urban cycle (average dilution of 9 m*/min). The results are similar to those observed by TEM at

the tailpipe for the Euro 6 GDI (GDI2) vehicle with two major families of particles, fractal soot
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organized in chains and agglomerates and some droplets. BC profile of Euro 5 DI gasoline
(figure 3.5.) is in agreement with TEM analysis. Figure 3.8.d shows the typical soot structure

with a mean diameter of the primary carbon particles around 25 nm.

Figure 3.8. TEM analysis during cold start Artemis Urban cycle for a Euro 5 GDI1 vehicle (sampled after CVS,
first 120 seconds).

The results are in agreement with previous literature on gasoline particles: Barone et
al.*” found primary soot particles with diameter in the range 20-25 nm and some aggregates
around 200-500 nm. Gaddam and Vander Wal ©**! and Mathis et al.** reported primary particles

L. .78

from 16 to 27nm. Ronkko et a and Karjalainen et a observed emission of primary

particles with diameter around 15-20 nm during NEDC cycle.

A grid was also collected during an Artemis Motorway cycle (first part of cycle) for a
Euro 5 (GDI1) after CVS (Figure 3.9.). TEM results show high BC emissions at the beginning of
the motorway cycle. On average, the chains are slightly shorter and the agglomerates also less
abundant than the one reported in Figure 3.6. and 3.7. during cold start, according to BC
measurements. BC emissions of Euro 5 DI gasoline for Artemis Motorway (figure 3.5.) is in

agreement with TEM analysis.
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Figure 3.9. TEM analysis during Artemis Motorway cycle for Euro 5 GDI1 vehicle (after CVS, first 7 minutes of
cycle).

3.1.3. Diesel Particle Emission

PM Emissions of a Euro 5 diesel D3 vehicle were sampled directly at tailpipe during
WLTC cycle with dilution ratio in the range of 10-15. Figure 3.10. presents the chemical
composition of the condensable PM fraction (organics, sulfate, nitrate and ammonium),
particle number and particle size distribution under a WLTC cold start (first cycle) and hot start
(second cycle). Ammonium bisulfate is emitted in appreciable concentrations during the cold
WLTC cycle, reaching almost 270 pg/m? (calculated by the sum of sulfate and ammonium). The
organic fraction is quite low around 4-5 pg/m?® during some acceleration/decelerations of the
cycle. For this vehicle BC and PAHs were close to the detection limit of the instrumentation
and hence no plotted here. Some nitrate traces were also measured during the cold start cycle.
Particle distribution given by FMPS indicates mean diameters around 80-100 nm. During hot
start cycle, sulfate and ammonium are emitted in small concentrations compared to the cold
start, reaching maximum values of 35 pg/m?® and 6 pg/m?, respectively. The organic fraction is
low, close to background values and presents some peak reaching 5 pg/m?®, corresponding with
sulfate emissions. Particle size distribution presents a mean diameter around 60 nm and little

particle number emissions around 8x10° particles/cm®.
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Figure 3.10. Time series concentration of organic, S0/, NOy, NH,*, PN and particle size distribution
during WLTC cold/hot start for a Euro 5 D3 diesel.

PM emissions of a Euro 5 D1 vehicle were sampled after CVS dilution system for Artemis
Urban cycles. Figure 3.11. shows the chemical composition of the particle phase (organics,

water) and particle number concentration.
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Figure 3.11. Time series concentration of organic, water, BC and PN during Artemis urban cold start cycle for
a Euro 5 D1 diesel vehicle.

Particles are emitted at the beginning of cycle during warm-up period and are mainly
composed by organic material and BC. No sulfate emissions were observed during the Artemis
Urban cycle, probably due to the low speeds and low engine temperatures. The mass spectrum
of the condensable species emitted during cold start can be found in annex IV (figure AIV.1.)
and indicates the dominance of aliphatic compounds. Black carbon is presented together with
organic particles during cold start phase but also continuously in the first half of the cycle,
which is in agreement with total particle number. Due to low concentrations of BC for diesel
vehicles, aethalometer presented a noisy time series. Thus MultiAngle Absorption Photometer

(MAAP) was used, which has a good sensitivity but bad time resolution.

TEM grids were collected for the first 5 minutes on the Artemis Urban cold cycle (Figure
3.12.). Soot in form of fractal structure as chain or agglomerates were observed, in addition to
some fine filaments of amorphous material. These structures have been related to the
condensable organic fraction observed by the AMS. The amorphous carbon may be due
unburned fuel that can condense upon the cold dilution occurring on the CVS and can also
reorganize its structure on the TEM grid surface. The diameter of the primary soot particles
was found in same range than gasoline vehicles (=25 nm). Literature reports similar sizes for
diesel emitted PM and carbon aggregates. Chain and aggregates sizes may also depend on the

collection conditions (as dilution and temperature).>®

EDX analysis showed that the diesel particles were mainly composed by C 80%, O 10%,
2.9% Na, 3% Si, 2% K and 0.5% S. Images were taken mainly on the soot chains or agglomerates.
Unfortunately EDX analysis of the few droplets observed did not allow to determine the
chemical composition because of the fast evaporation of these latter under the electron beam

of the microscope.
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Figure 3.12. TEM analysis during Artemis urban cold start period for Euro 5 diesel D1 vehicle.

Figure 3.13. presents a) chemical composition of the particle (organics, sulfate,
ammonium, water and BC), b) the particle size distribution by SMPS (15-450 nm) and c) by the
SMPS+E (3-40 nm) and the total particle number for the Euro 5 D1 diesel vehicle during Artemis
Motorway cycles at the CVS. The four motorway cycles shows a good repeatability in term of
PN emitted and chemical composition. During the first two minutes of the first acceleration of
the first motorway cycle high emissions of BC (up to 250 pg/m?) and organic particles (up to 70
pg/m?) with mean diameter around 100 nm have been observed. After approximately a couple
of minutes, the chemical composition, the particle size distribution and the PN concentration

radically changed.
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Figure 3.13. Time series concentration of organic, water, NOs, NH,", BC, PN and particle distribution under
Artemis Motorway cycle for Euro 5 D1 diesel vehicle.

During high speed, emission of nucleating particles with mean diameter around 12-15
nm was observed. The chemical analysis suggested that these particles were mainly formed by
ammonium bisulfate (the concentration of ammonium was relatively low and it was not able to
fully neutralized the sulfate). The observed behavior was interpreted as passive DPF
regeneration due to the relatively high temperatures reached and to the specific after-
treatment device protocol of this vehicle. Previous literature reported both emission of gaseous
sulfuric acid ** and bisulfate particles and BC during active DPF regeneration.['” Together with
ammonium bisulfate, some traces of organic compounds were also emitted. The organic
fraction could arise from the post-injection occurring during DPF regeneration. The BC profile
during the four MW cycles seems to anticipate the nucleation mode burst as also confirmed the
SMPS analysis.

Figure 3.14. shows the results of two samples taken during the Artemis Motorway cycles

for D1 vehicle. The TEM grids were sampled at the maximum speed reached by the cycle for 5
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minutes and do confirm what has been shown in figure 3.13.: little BC emissions were observed
and most of the particles were composed of amorphous filaments (probably organic material)
and small spherical particles (could be ammonium bisulfate). No EDX analysis was possible on

those samples since the collected material rapidly evaporated under the electrons beam.

Figure 3.14. TEM analysis during Artemis Motorway cycle for Euro 5 D1 vehicle (after CVS).

3.1.4 Emission Factor of Particle Phase

Since one of major objectives of CaPVeREA project was to investigate unregulated
compounds, which includes particle condensable material and particles below 23 nm, the PMP
protocol was not applied during emission studies. For those measurements a FPS-4000 dilution
system has been used. Particle size distribution and concentration have been measured using a

FMPS under different dilution conditions.

Table 3.3 presents the vehicles and the sampling conditions used for the particle emission
study. Figure 3.15. presents a) the total particle emission factor and b) the fraction of particles
in the range 14-23 nm during the different driving cycles. The lower limit in size was fixed at
14 nm due to instrumental limitations. Indeed the FMPS shows often some measurement bias in

the range 5-12 nm. Two diesel and two gasoline DI car are presented here.

As expected the GDI vehicles do emit a high number of particles and can reach values of

10" #/km during WLTC cycles and Artemis Motorway. In general, the Euro 6 vehicles present
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higher concentrations of PN than the respective Euro 5 cars. It is worth to note that the
difference of dilution temperature (90-120 °C for Euro 5 vs. 25-50 °C for Euro 6) could be one
of the factors affecting such a difference. GDI2 widely exceeds PN emission limit for WLTC,
Artemis Urban cold and Artemis Motorway cycles, while it is in the limit for the urban and road

cycles. GDI3 presents values close to the limitation for WLTC cycles. Both diesel vehicles are in

Chapter Il

agreement with in-force PN limitation.

Table 3.3. Main characteristics and dilution conditions for vehicle and experiments carried out for particle

Cycle

number study.

Aftertreatment  Dilution
device ratio

Primary
dilution

Dilution
temperature

WLTC cold 20-46 4.5-10
EG?(')35 TWC 90
u WLTC hot 10-46 2-10
WLTC cold 30 4 36
WLTC hot 30 4 36
GDI2 Urban cold 50 6.7 36
Euro 6b TWC
Urban hot 50 6.7 25
Road 30 4 36
MW 13 2.2 36
WLTC cold 10-15 2-3
D3 ';“m DPF 120
WLTC hot 7-15 1.8-3
WLTC cold 40-50 5-6.7 36
WLTC hot 40 5 36
D2 Euro Urban cold CDPF + NOx 10-85 2-11 36-50
6b Urban hot trap 10-85 211 3650
Road 50 6.7 36
MW 18 3 36

PN EFs are most of the time measured following the PMP protocol. Therefore, they
presented lower EFs (9.1x10"" to 5.8x10'? #/km) with respect to those presented here, at least
for GDI vehicles.” “*1 On average, cold start cycles emit between from 2.25 and 5 times
more particles than hot start, for WLTC and Artemis Urban cycles, respectively. Cold start
effect on PN concentration has been previously reported with reduction of PN emissions ranging

from a factor 2 to 18 during hot start cycles for gasoline and diesel vehicles.['® 16 26: 30, 40, 45, 46]
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For GDI vehicles, the PN concentration in the 14-23 nm size range represents around
20% of the total PN emitted during cold start cycles, this can be observed for WLTC cycle in
figure 3.2. where particle mean diameter is around 50-60 nm. For hot cycles, the percentage of
particles in 14-23 nm range increases up to 35- 40%% for Artemis motorway. Lower dilution
ratio (table 3.3.) during motorway cycle can partly explain the higher emission fraction in 14-

23 nm range.

L) I Fs i fe p
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Total particle number (#/km)
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Figure 3.15. Percentage of 14< PN < 23 nm compared to total particle number emission factors for four

vehicles and during different cycles. C: cold, H: hot

Regarding diesel vehicles, during the WLTC cold, the PN concentration in the 14 -23 nm
size range represents around 11% and 22% of the total PN for D2 and D3 vehicles, respectively.
This percentage slightly increases to 18% and 25% for WLTC hot. In general, particles emitted
during cold start present bigger diameters than those during acceleration and brakes episodes,

and are considered mainly black carbon aggregates (CaPVeREA report).

Solid particles below 23 nm have been previously measured in the literature:
Giechaskiel et al.[*”) reported a sub-23 nm PN concentration of < 20% for diesel vehicles and 35-

;[48]

50% for gasoline DI vehicles. Giechaskiel and Martini*™ suggested average values of sub-23nm

particles for GDI and diesel vehicles of 30-40% of the total PN concentration.
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The possibility to reduce the cut-off diameter of PN concentration from 23 to 10 nm has
been considered by the European Union through projects that investigated the feasibility and
the accuracy of a new PMP protocol. Giechaskiel et al.'®! suggested that an implementation of
PMP protocol by regulating particles in the 10-23 nm size range could be possible with actual
state-of-art instrumentation technology. While lowering size below 10 nm it is thought to lead
to possible sampling bias coming from re-nucleation after heating system.*" *@ Based on the
tests performed during CaPVeREA project, implementation of new PMP protocol accounting for
particles range between 14 and 23 nm in future WLTC legislation would improve the total

quantification of particle number.

Figure 3.16. presents EFs of BC, ammonium, nitrate, sulfate, organics and PAHs for the
vehicles tested in framework of the project CaPVeREA. The AMS could be deployed only for
three Euro 5 vehicles (two diesel, one gasoline). BC is mainly emitted by gasoline DI vehicles
with values that range from 6 pg/km for the GDI3 during WLTC hot to 3x10° pg/km for GD1
during Motorway cycle. For diesel vehicles BC emission is considerable lower due to the DPF
device. However, differences among the tested cars are also observed with emissions ranging
from 5 pg/km for the D3 vehicle during WLTC hot to 76 ug/km for the D1 during Urban Artemis
cold cycle. As a general trend, Artemis Urban and Motorway cycles do largely contribute to BC
emissions. Gasoline and diesel EFs are in agreement with those previously reported by the

literature, 1-3.7x10° pg/km and 22-35 pg/km, respectively ! 4% 3133
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Figure 3.16. EFs of a) BC for three GDI vehicles during Artemis and WLTC cycles, b) BC for three diesel
vehicles during Artemis and WLTC cycles, c) organic and inorganic fraction for Euro 5 diesel D3 vehicle during
WLTC cycle, d) organic and inorganic fraction for D1 vehicle during WLTC cycle and e) organic and inorganic
fraction for GDI3 vehicle during WLTC cycle.

The figures 3.16.c, d and e present the emission factors of sub-micrometer particles in
terms of organic and inorganic fraction measured by the AMS. Generally, both diesel cars emit
relatively low emissions of organic material, some ammonium bisulfate and traces of nitrate.
EFs are higher during cold cycles (WLTC and Urban Artemis) but are quite variable for the two
vehicles. The D3 car presented sulfate EFs in the range of 0.2-3 pg/km and organics in the
range 0.2-1 pyg/km, D1 showed higher EFs of organics ranging from 2 to 10 pg/km, sulfate are
observed during high speed cycles (MW Artemis) and reaches 1-2 ug/km while nitrates are low
around 0.2 pg/km. For the GDI vehicles EFs are much higher during the WLTC cold and the
organic fraction can reach 85 pg/km, nitrate 5 pg/km and PAHs 0.6 pg/km, while during the
WLTC hot organics decreased to 21 pg/km and nitrate to 2.2 pg/km. PAHs were not measured

during hot cycles.
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3.2. Regulated Gas Phase Pollutants

3.2.1. Transient Profiles of Gaseous Pollutants

A series of regulated compounds (CO, THC, NOx) and non regulated compounds (CO,,
benzene, NH;) have been measured online during WLTC cycle speed profile for diesel and
gasoline DI Euro 5 vehicles. The figure 3.17. presents time series emission profile of CO for a)
GDI3 and b) D3 vehicles during WLTC (cold and hot) cycle.
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Figure 3.17. CO time series emission during WLTC (cold and hot start) for a) GDI3 and b) D3.

CO emissions are strongly related to cold start engine operation for both D3 and GDI3
vehicles. Almost all the CO is emitted during first 200 seconds and 600 seconds for gasoline and
diesel vehicle, respectively. CO emissions are generally lower during hot cycles. Such
differences between cold and hot periods have been reported previously in literature !> ¢
and explained by the low efficiency of catalyst converter at low temperatures. CO emissions
for gasoline vehicle are much higher than diesel vehicles. For cold cycles, the difference is two
orders of magnitude (3000 mg/s versus 30 mg/s). Similar results have been previously observed
for recent diesel and gasoline cars.!"™ > Such differences can arise from air/fuel ratio reached

in engine or catalyst aging.

Figure 3.18. presents time series of THC emissions for a) GDI3 and (b) D3 vehicles during
WLTC (cold and hot) cycle.
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Figure 3.18.THC time series emission during WLTC (cold and hot start) for a) Euro 5 GDI3 and b) Euro 5 D3.

THC concentration presents a high dependence on the catalyst temperature. For the
GDI3, around 90% of THCs are emitted during the first 200 seconds of the cold cycle. A similar
trend was observed by Suarez-bertoa et al.’”! who reported that 85% of total THC were
emitted during the first minutes of the cycle. Such high emissions in the first seconds are
explained by the poor efficiency of the oxidation catalyst at low temperatures. Once catalyst

warms-up, most of the HCs are efficiently oxidized.

For the diesel D3 car, the emitted concentration of THC is very low, with maximum
values around 1.3 mg/s, such lower concentrations are explained by fuel composition and
engine operation. Alves et al.”?, Weilenmann et al.!"!, Gumus*, Martinet et al.["l and others

authors already reported this important difference in THCs emission between gasoline and

diesel cars.

Figure 3.19. presents time series profile of NOx emissions for a) GDI3 and (b) D3
vehicles under WLTC (cold and hot) cycle. Results suggest that NOx emissions are influenced by
acceleration and brakes changes during high speed periods, when engine temperature and flow
are high. Thus, higher NOx emissions are generally emitted during the motorway section of
WLTC cycle, increasing substantially from 5 mg/s to 60-70 mg/s in case of diesel vehicle. Ko et
al.’® and Lopes et al.’™ reported similar trends under NEDC for both Euro 6 and Euro 5 Euro 6
vehicles. Karjalainen et al.?®! also reported higher NOx emissions during last part of NEDC
(motorway part) for a gasoline Euro 5 vehicle. This specific gasoline vehicle (GDI3) presented
an atypical high NOx concentration (saturated), due, we suppose, to a problem on the three-
way-catalyst. Nevertheless, time series emissions follow similar profile for diesel and gasoline
vehicle. For other gasoline vehicles, NOx emissions are considerably lower than the one

presented here (see section 3.2.2.). Results are in agreement with previous literature, which
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[15, 51,

pointed out important emissions of NOx from diesel vehicles. >% €0 Diesel engine works

with excess of air and reaches higher temperatures in the engine, which lead to higher NOx

formation. "
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Figure 3.19. NOx time series emission during WLTC (cold and hot start) for a) Euro 5 GDI3 and b) Euro 5 D3.

Figure 3.20. presents time series profile of CO, emissions for a) GDI3 and (b) D3

vehicles under WLTC (cold and hot) cycle.
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Figure 3.20. CO, time series emission during WLTC (cold and hot start) for a) Euro 5 GDI3 and b) Euro 5 D3.
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The CO, emissions are linked with acceleration periods when the engine needs more
fuel, causing higher emission of CO, Results are in agreement with Alves et al.®” who also
reported CO, emissions highly sensitive to frequency and intensity of accelerations. Thus
highest emissions are therefore measured during the last part of WLTC cycle. This is in

agreement with other authors P” 2

, who reported that around 60% of total CO, is emitted
during extra-high speed period of WLTC. Both D3 and GDI3 vehicles present very similar time
series profile and CO, concentration. Fontaras et al.’"! and Weilenmann et al.['™™ found similar
range of CO, emissions for gasoline and diesel Euro 5 vehicles among different driving cycles.

No influence of cold start cycle is observed.

3.2.2. Emission Factor of Gaseous Pollutants

In this section are presented the EFs of regulated gaseous pollutants for the 6 vehicles
investigated during CaPVeREA project. Four of the six vehicle have been included in previous
studies published by IFSTTAR while data from the D3 vehicle and the GDI3 vehicle (both Euro 5)
will be published in the future together with data on chemical composition of the particle
phase and VOCs. Figure 3.21. presents emission factors of CO, CO,, NOx and HC as for all

tested cars. Note that not all vehicles have been tested during all cycles.

In general, vehicles comply the emission standards for CO with the exception of the
GDI3 (Euro 6), which slightly exceed the limit. As already pointed out previously, EFs are higher
for the GDI cars which can reach 1300 mg/km during MW Artemis. However the variability from
one car to another is very important. Lowest EFs of 3 mg/km are measured for Urban Hot
cycles. As the exhaust temperature and the flow increase with the vehicle speed, the residence
time in the oxidation catalyst decreases, therefore CO emissions increase. Fontaras et al.®'!
also reported for Gasoline cars highest CO emissions (EF= 2000 mg/km) during Artemis
Motorway. Similar results were observed by Ghazikhani et al.’®*! who showed that CO emissions
are 4 times higher at 300 °C than at 200 °C. Presented EFs are in agreement with those found

in literature for diesel (80-580 mg/km)!!> 51 32 €0, 64]

cars.[41, 42, 51]

and gasoline (50-650 mg/km) passenger
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bars have been determinate from repeatability of EFs obtained during cycles.

Diesel and gasoline vehicles exceed the future target of 95 g/km for CO, emission for
most of the tested cycles. Even comparing EFs with actual CO, emission target of 118.5 g/km,
most of the vehicles exceeded this value. Higher values are obtained for Artemis Urban cycle
(cold and hot). The results are in agreement with Ntziachristos and Samaras **! who suggest
that higher EFs of CO, are observed for low speed cycles. In general, EFs for diesel vehicles are

slightly lower than those presented for GDI vehicles. Diesel typically uses less fuel of a

123



Chapter Il

comparable gasoline engine, what leads to a reduction of CO, per km.*®! Cold start is not a key
parameter for CO, emissions. Results are in agreement with Alves et al.’” who reported little
differences between Artemis urban cold and hot for diesel and gasoline vehicles. Presented EFs
are in agreement with those found in literature for diesel (100-300 g/km) PP' 32 %8 €0. 671 g4
gasoline (148-300 g/km).[*" !

As expected, diesel vehicles present much higher NOx emission than gasoline cars. In
general, the three diesel vehicles exceed limitation for all cycles. In many cases, the EFs are
up to one order of magnitude higher than what allowed by regulation. Surprisingly, the diesel
Euro 6 (D2) presents values in the same order than other two Euro 5 diesel even if it was
equipped with a NOx trap catalyst. The GDI2 car (Euro 6) presented the lowest NOx emissions.
However, one of the gasoline cars, the GDI3 showed unusual high NOx concentrations. These
unexpected high NOx values were attributed to a serious failure of the reduction catalyst in the
TWC (section 3.2.1). WLTC and Artemis urban hot cycles present an increase of NOx of 17% and
25%, respectively, with respect to cold start cycles. Results are in agreement with Alves et
al.’™ who studied the influence of cold start and reported 14% higher NOx emissions when
engine is hot for diesel Euro 5 vehicle. Zhu et al.'”! did not report any variation of NOx
emission with temperature under WLTC. In general, EFs reported here are in the agreement
with previous studies, being in the order of 64-1000 mg/km for diesel B' °2 €% €8 (including
vehicles equipped with NOx abatement technology) and 30 mg/km for gasoline, if we excluded
the GD3 vehicle. -5 %2

Gasoline vehicles respect standard THCs emission limit for all cycles except the WLTC
cold start, where GDI3 (Euro 5) slightly exceeds the limitation. In general, higher values are
measured for gasoline vehicles rather than diesel for WLTC and Artemis Motorway cycles.
However, Artemis Urban and Artemis Road present opposite trends. Fuel composition, engine
working principle and different speed profiles of cycles can influence THCs concentration. As
for CO, THCs concentration presents a high dependence of catalyst temperature. As seen in the
previous section on transient emission profiles, THCs emissions during cold start cycles are
higher than at hot start. THCs emissions are reduced by 30% in average passing from WLTC cold
to WLTC hot cycle. EFs reported here are generally in agreement with those reported in

literature for diesel (<100 mg/km) " >* %8 and for gasoline (24-200 mg/km) vehicles. > 4 3"
52]
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3.3. Non Regulated Gas Phase Pollutants

3.3.1. Transient Profiles of Gaseous Pollutants

A Proton-Transfer-Reactor Time-of-Flight Mass Spectrometry was deployed in the 2017
campaign to measure organic emissions. In order to avoid losses of sticky compounds the
sampling line was heated at 80°C. These data are provided by Prof. Wisthaler's group
(Chemistry Department, university of Oslo, Norway). Here only some emission profiles from
benzene and ammonia time series are presented. Figure 3.22. shows the time profile of
benzene during WLTC cold start cycle for (a) GDI3 vehicle and (b) D3 vehicle and transient
profile of ammonia during WLTC cold start cycle for (c) GDI3 vehicle and (d) D3 vehicle.
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Figure 3.22. Time series profile of benzene under WLTC cold start for Euro 5 (a) GDI3 and (b) D3 and time
series profile of ammonia under WLTC cold start for Euro 5 (c) GDI3 and (d) D3.

Benzene emissions are highly correlated to the cold start period. For the GDI3, most of

the benzene is emitted in the first few minutes of the cycle, while the D3 car shows some
emission for the first 900 seconds, suggesting that the two oxidation catalyst operate in
different ways. Small emission spikes are observed during brakes periods (at 1350 seconds for
GDI3 and at 1000 and 1500 seconds for D3 vehicles).

Emission factors of benzene measured with the PTRMS are in the order of 560 pug/km for

the GDI3 and 340 pg/km for D3 car. Similar values have been measured using the
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cartridges/GC-MS technique with 678 pg/km for the D3 car and 320 pg/km for the GDI3. These

results are in quite a good agreement with results reported in the literature.l' 3 52, 6]

Gasoline NH; emission presents a first broad peak corresponding to the first
acceleration. Its concentration then slowly decreases and increased again during high speed
cycle. NHs; has been previously reported as an important pollutant in gasoline vehicle
exhaust.[’%72 Suarez-Bertoa et al.l’” tested several Euro 5 and Euro 6 gasoline vehicles and
reported concentrations in the range of the ppm but the variability from one car to the other
could reach an order of magnitude. The ammonia emissions measured for the GDI3 vehicle are
significantly lower than those published by Suarez-bertoa et al.[”® A possible explanation can
be the failure of the three way catalyst, more precisely the reduction catalyst, which was not
able to reduce NOx concentrations of the vehicle. The ammonia profile presented here is in
agreement with other vehicles tested in the framework of the CAPPNOR 2 project (ADEME
CORTEA), which reported largest emissions during acceleration/brakes in the last part of the
WLTC cycle. Heeb et al.l”?] also suggested that ammonia emissions are highly correlated with
acceleration and brakes during driving cycles, which is in agreement with results presented

here.

Ammonia emission from the diesel D3 vehicle were very low and close to the detection
limits of the instrument. These results are in agreement with Suarez-Bertoa et al.’% 731 and
Storms et al.’”¥ who only reported measurable ammonia emissions for SCR-equipped diesel

vehicles.

3.3.2. Speciation of Organic Compounds

THCs include a myriad of compounds that are emitted from vehicles exhaust. Some of
those have been identified as toxic or carcinogenic (HCHO, 1,3-butadiene, benzene, etc..) for
human health and some are precursors of SOA and ozone. In this section we will present the
speciation and the EFs of several HCs measured for two vehicles Euro 5 (D3 and GDI3). The HCs
have been measured during WLTC cycles at the tailpipe upon FPS-4000 dilution system and
collected on TENAX TA/Air toxic cartridges for further thermal desorption and analysis with GC-
MS (details can be found in Chapter IlI). To minimize losses of organic compounds on the

sampling lines the entire sampling system was maintained at 80-90°C.
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Figure 3.23. Emission Factors of gaseous compounds for GDI3 vehicle during WLTC cycle.

For the GDI3 vehicle, emission factors of 8x10° pg/km are observed for linear/branched
aliphatics (alkanes and alkenes), followed by Benzene-Toluene-Ethylbenzene-Xylene
compounds (BTEX), with 4x10° pg/km. The remaining aromatics compounds, which include
mainly trimethyl-benzene, 1-ethyl-2-methyl-benzene, styrene, benzaldehyde, naphthalene,
methyl-naphthalene and indene, together did not exceed 800 pg/km during cold starts while
they were considerably lower during hot cycles. The emission factors of oxygenated compounds
were in the range of 10%-10° pg/km, the cyclic aliphatic compounds ranged between 1 and
5x10% pg/km. Cyclopentane, cyclohexane, cyclobutane, ethyl-cyclohexane and dimethyl-
cyclohexane represented the most abundant cyclic compounds. The oxygenated compounds
were mainly represented by acetone, acetaldehyde, methanol, ethanol and butanol.
Formaldehyde was not considered in these measurements since too light to be detected with
Tenax cartridges, other methods as DNPH are more appropriate for the measurement of this
compound. Differences between cartridges/GC-MS analysis and THC measured by Horiba gas
analysis system (section 3.3.2.) can be explained by lack/incomplete measure of small

compounds below Cs.

Figure 3.24. presents the results of VOCs/IVOCs collected during cycles for the D3
vehicle. The EFs are in the order of 10*-10° pg/km for cyclic aliphatic compounds, followed by
the oxygenated compounds with 3x10* pg/km, linear/branched aliphatic compounds with 7x103
to 1x10* pg/km and finally the aromatic compounds with 1000-1500 pg/km. There is not a clear
trend for cold and hot start cycle, except for cyclic compounds, which present one order of

magnitude higher for hot cycles.
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Figure 3.24. Emission Factors of gaseous compound for D3 vehicle during WLTC cycle.

Figure 3.25. presents the mass fraction of the measured VOCs classified in families for
GDI3 and D3 vehicle during WLTC cold and hot start cycles.

b BTEX @ Other aromatics @ Oxygenated [ Cyclics aliphatics @ Linear branched aliphatics

Mass %

A

-

Cold start GDI

A

N\

Cold start Diesel 1 Hot start Diesel

Hot start GDI

Figure 3.25. Mass speciation of compounds based on family for GDI3 and D3vehicles during WLTC cold and hot
start cycle.

As observed, during cold start for GDI3 vehicle, aliphatic compounds contribute to 40%
of the emitted organic compounds followed by the BTEX with 25% and the oxygenated
compounds with 17%. The remaining aromatic compounds accounted for only 5 %. Gasoline hot
start cycle showed an increase in emission of aliphatic compounds up to 68% (linear, branched
and cyclic) accompanied by a decrease of the emitted aromatic compounds (15%), while
oxygenated compounds did not present any important variation. Results are somehow in
agreement with the literature: for gasoline DI vehicles in agreement with recent USA emission
standards, Saliba et al.! reported average mass fraction of = 61%, 23% and 14% for aliphatic,
aromatics and oxygenated families, respectively. Zhao et al.l”! studied gasoline emissions and
reported 57%, 3%, 7% and 21% of mass fraction for alkanes/alkenes, cyclic alkanes, oxygenated
and aromatics. Liu et al.l”%! reported that aromatic compounds represented 40% of the total
VOC emitted by Euro 4 gasoline vehicles. Fuel composition parameters, as fraction of aromatics

or presence of ethanol may strongly influence the chemical speciation.[”7-78]
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Diesel cold start emissions are dominated by oxygenated compounds with 55%, followed
by cyclic aliphatic with 24% and linear/branched aliphatics with 17%. The aromatic compounds
present a very low fraction with only 2% (BTEX and other aromatics). Cyclic aliphatics increased

during hot start cycle up to 50%, while oxygenated compounds and linear/branched aliphatics

decreased to 42% and 8%, respectively.

Speciation of the measured BTEX is presented in figures 3.26. for the GDI3 vehicle.

ASOLINE
2 GAs0 @ Cold start cycle //
@ Hot start cycle

f%%% %%%%

Ethylbenzene Xylene

EF (ug/km)

Benzene Toluene

Figure 3.26. Emission Factors of BTEX compounds for GDI3 vehicle during WLTC cycle.

As a general trend, the BTEX emissions are considerably higher during cold cycles and
then drop of one or two order of magnitude during hot cycles. Xylenes dominated the emissions
with 2-3x10% pg/km, followed by toluene with 900 pg/km, benzene with 600 pg/km and
ethylbenzene with 300 pg/km. Results are in agreement with those reported of Louis et al.[']]
who reported a factor 6 for BTEX EFs between cold and hot Artemis Urban cycles. In general,
EFs found here are in agreement with previous literature, which reported EFs for BTEX in the

range of 100-1000 pg/km and 10-100 pg/km for cold and hot start, respectively.Ph[! 131

Figure 3.27. presents EFs for the individual BTEX emissions for the D3 vehicle.
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Figure 3.27. Emission Factors of BTEX compounds for D3 vehicle.

For the D3 vehicle, benzene largely dominate the BTEX emissions with 330-800 pg/km
followed by xylene, around 200 pg/km, toluene with 70-150 pg/km and ethylbenzene with 70-
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80 pg/km. Results are in agreement with those reported by other authors, which are in the

range 150-600 pg/km and also reported benzene as most emitted BTEX.[" 3]

The EFs of linear and branched aliphatic compounds with carbon number up to Cis are

shown in figure 3.28. for gasoline DI vehicle.

A ot 7 BABOLINE Cold start cycle
1000 Hot start cycle
- 77 /%

EF (ug/km)

Figure 3.28. EF for linear/branched aliphatic compounds up to Cys emitted for the GDI3 vehicle during WLTC
cycle.

For higher carbon nhumber compounds (>C+s), the thermo desorption analysis method did
not allow to ensure a quantitative assessment. For gasoline vehicle, the C9-C45 compounds
represent a relatively small fraction (7%) of the total linear/branched aliphatics. EFs are
dominated by molecules below than Co. What is in agreement with Lu et al.[”! Thus <Cs, Cs, C7
and Cs account for 15, 43, 11 and 24% of total mass, respectively. Alves et al.’? reported
highest EFs for C¢ and Cs compounds, which presented values in the order of 3x103-3x10* pg/km
for Cs,Cs and C9 compounds, respectively, during Artemis cycles. Ensberg et al.[®! reported Cs-
Cs as the dominant group for gasoline cars. Gentner et al.["l performed on-road tunnel
emissions where gasoline vehicles dominate over diesel and reported a carbon distribution
centered on Cs-Cs for linear alkanes and Cs-C¢ for branched alkanes. They quantify compounds
up to C41 and Cyo for linear and branched, respectively. Regarding IVOCs compounds presented
here (C12-Cys), EFs are in the order of 1-10 ug/km. Cold start seems to have a positive influence
for small aliphatic chains up to Co, apart from that, there is not a clear trend, probably due to

the low concentrations measured.

Finally, EFs of aliphatic compounds with carbon number between Cy and Cys are shown
in figure 3.29. for the D3 vehicle. For higher carbon number compounds (>Ci), the
thermodesportion analysis method did not allow a quantitative analysis, nevertheless,

compounds up to Cyo have been detected.
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Figure 3.29. EF for linear/branched aliphatic compounds up to Cs emitted for the D3 vehicle during WLTC
cycle.

The Cs-C15s compounds represent a relatively large fraction of the total alkanes/alkenes.
The Cs, C9 and C4o compounds are the most abundant and range from 1000 pg/km to 4000
pg/km. The EFs for chains larger than Cio range from 20 to 1000 pg/km. There is not a clear
influence of cold start for this group of compounds as discussed previously. Gentner et al.[8"
and Alves et al.’?l found the highest emission factors for Co-C43 and C7-Cy1 compounds,
respectively. However, they report EFs in the range of 2x10° to 8x10* for compound between
C7-C11, which are considerably higher of what found for the D3 vehicle.’?l Zhao et al.[®
presented a distribution centered around C12-C13 compounds and progressively decreasing until
C2. Kim et al.!! reported EF values between 10 pg/km and 450 pg/km for the range Ci3-Ca
during Artemis Urban cycle for Euro 4 diesel vehicle equipped with DPF. These EFs are at least
one order of magnitude less compared to the ones obtained for the D3 diesel vehicle. However,
the sampling technique as well as the target range of compounds were different for each case.
Kim et al. also measured IVOCs in the range of C13-Cq9 (EFs < 11 pg/km) during Artemis Urban
cycle for Euro 4 diesel vehicle without DPF. Similar results are obtained by Lu et al. 1, who
observed an alkane IVOCs/SVOCs distribution C7-Cy; centered in Cy5-Cys for recent diesel vehicle

equipped with DPF.

3.4. Conclusions

Three diesel vehicles (two Euro 5 and one Euro 6) and three gasoline direct injection
vehicles (two Euro 5 and one Euro 6) have been tested during WLTC and Artemis driving cycles.

Gas and particle phase emission studies have been carried out.
The main conclusions are presented here :

e measurements at the CVS dilution system (without the PMP method) are affected by bias

due to cold dilution and low dilution ratio. Phenomena of nucleation and condensation
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were observed and caused shift in particle size distribution and particle number
concentration. Measurements directly at tailpipe after FPS-4000 dilution system could
represent an alternative method when condensable material has to be taken into
account. Unregulated sub-23 nm particles seem to account for a non negligible fraction
of the emitted particles in the size range 14-23nm and represent around 20-30% of the
total PN for gasoline vehicles and around 15% for diesel cars. By lowering the
measurements threshold to 14 nm, improvements related to total PN quantification can

be achieved.

Gasoline DI vehicles emit a considerably amount of PM (including BC, organics, PAHs and
PN concentration). Cold start accounts for an important fraction of total emitted particle

concentration.

Diesel car do emit some organic compounds (during cold start and accelerations) and
sulfate mostly during acceleration and high speed cycles, suggesting passive regeneration
of the DPF. These periods were associated to fast increase of particle number

concentration in the nucleation mode (10-20 nm diameter).

Particles elemental composition and morphology have been further investigated using
TEM and SEM techniques. Gasoline and diesel PM are mainly formed by fractal material
organized in chains or agglomerates. These structures seem to be coated by organic
compounds. TEM images revealed the presence of liquid droplets. Upon chemical analysis
these droplet seems to be formed by an organic matrix with inclusions of metals that
suggest lubricant oil as a major source. Fe was also found and it has been mainly

associated to engine wear abrasion.

In general, Euro 5 and Euro 6 vehicles respect standard limit for CO and THCs during all
cycles. NOx concentrations, however, often exceeded the limitation value for different

vehicles and cycles.

Speciation and quantification of organic compounds have been carried out for a
gasoline and diesel car. Gasoline vehicle presents high emissions of BTEX and linear
alkanes/alkenes while diesel vehicle emissions are dominated bycyclic, oxygenated and
linear alkanes/alkenes. Among the BTEX, xylene is the most dominant compound for
gasoline and benzene for diesel vehicle. Among the aliphatic compounds, gasoline
presented a distribution centered around C¢-C; the compounds with little presence of
IVOCs. Diesel car however, presented a distribution centered around the Co-Cio

compounds and non negligible concentrations were measured up to Ciscompounds.
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Chapter IV

This second and extensive section of my PhD focused on SOA formation studies. The
work is based on laboratory investigations using an aerosol flow tube (AFT). The AFT
experiments intended to mimic the photo-oxidation of car exhaust in a controlled and
simplified system. Since experiments were conducted in the laboratory, the strategy adopted
consisted in the selection of few keys compounds found in the car exhaust. The compounds
were chosen on the basis of the measured VOCs emitted by diesel and gasoline vehicles from
our own studies (chapter Ill) and from review of the published literature. Five compounds have
been selected for the laboratory investigations. Each compound is considered a “model
molecule” of a family of pollutants. Among the mono-aromatic compounds, toluene was chosen
since it was present in a fairly large amount and is less toxic than benzene. Among the cyclic
compounds, cyclohexane (cyclic dominating diesel emissions) was chosen since was abundant in
car exhaust. Among the aliphatic, nonane was selected since present in emission exhaust from
both gasoline and diesel vehicles in large amount. Among the light PAHs, naphthalene was
selected. The pentadecane was also tentatively tested but wall losses were so high that

photoxidation experiments were not exploitable.

The aim of this work was first to determine SOA yield, and key parameters controlling
SOA formation (as temperature, type and quantity of VOC, pre-existing seed particles).
Additionally, thanks to the newly developed Chemical Analysis of aerosol on-line (CHARON)
inlet, a much more detailed investigation on the chemical composition of both gas and particle

phase has been developed.

The SOA mass was determined using the AMS and SMPS data and then were compared to
the CHARON observed mass. This comparison can be found in figure 4.1. for the toluene
experiments. Table AVII.1 in annex VIl present the values for this intercomparison. The AMS
particle density was established upon assignment of standard density to major chemical
families as 1.2 g/cm? for the organic fraction; 1.7 g/cm?® for ammonium sulfate (seeds); the
nitrate was considered as organo-nitrate and therefore its density is considered to be 1.2
g/cm’. The AMS collection efficiency (CE) for pure seed particles between 20 and 50% RH was
around 0.5-0.55. Intercomparison with the SMPS volume was used to evaluate CE efficiency.
The condensation of organic products onto ammonium sulfate seeds did only changed the CE
efficiency of the aerosol to 0.6-0.65. Comparison between AMS and SMPS mass loading for two
consecutive toluene experiments can be found in figure 4.2. We carried out multiple
experiments on individual VOCs and then we carried out several experiments using a mixture of
selected VOCs. Few and preliminary photoxidation experiments of car exhaust (GDI vehicle)
were performed using an aerosol flow tube to determine major SOA constituents and SOA

potential formation.
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Figure 4.2. Comparison between measured particle phase using AMS and SMPS.

4.1. Toluene photoxidation

Toluene is one of the major monoaromatic compounds emitted in the troposphere. [ 2

It is mainly emitted by vehicle exhausts and other combustion sources. [’

In total, 31 experiments have been carried out in the AFT using toluene as SOA
precursor. Full description of experimental setup can be found in chapter Il. The particle phase
was composed by ammonium sulfate (which was used as seed particles), organics and nitrate

(around 8% of the produced mass).

An example of the time series mass concentration measured by the AMS and the
CHARON/PTR-ToF-MS are illustrated in Figure 4.3. The produced SOA mass concentration is

shown at different temperatures.
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Figure 4.3. Time series of sulfate, ammonium, nitrate, organic SOA mass concentrations as measured by the
AMS and organic SOA mass concentration as sampled by CHARON-PTR-ToF-MS during two toluene photo-
oxidation experiments. The AMS mass concentrations have been corrected for the CE, while the CHARON-PTR-
ToF-MS organic mass concentration has been corrected for transmission efficiency. In both cases the initial
toluene concentration was approximately 131 ppb and the RH was around 32%.

The experiment starts with the introduction of 5 pg/m? of ammonium sulphate (red and
yellow). At the same time, the precursor of the hydroxyl radical (IPN) and the toluene are
introduced in the dark. After stabilization of the system, the lights are switched-on to initiate
photochemistry and formation of SOA (green) and nitrate/nitro-organic (blue). Black lines
indicate the amount of SOA detected by CHARON. After stabilization of the system and
measurement of the gas and particulate phase the irradiation is stopped (UV off). A second
experiment starts once new conditions are stable and SOA from previous experiment have

disappeared.

4.1.1. Influence of parameters for SOA formation

Figure 4.4.a illustrates the SOA vyield as a function of the produced SOA mass
concentration at different temperatures and initial toluene concentrations. For similar initial
toluene concentration and similar toluene depletion, experiments at low temperature led to
higher organic concentration and hence, SOA yields. The temperature dependence over SOA
yield is consistent with previous studies. For example, Takekawa et al.[l reported almost twice
higher toluene SOA vyield at 10°C with respect to 30°C, and Hildebrandt et al.[®! found higher
SOA vyield for 11°C compared to 32°C. Temperature affects the gas-particle partitioning: at
lower temperatures the semi-volatile species condense on the particulate phase, while at
higher temperatures the same compounds evaporate and are transferred to the gas phase.
Another key parameter that controls the SOA yield is the initial toluene concentration. Lower
initial toluene concentrations resulted to higher SOA yield, but lower organic mass formation.
The influence of seed (ammonium sulfate) concentration in SOA yield was also investigated.
Figure 4.4.b shows the SOA yield as a function of the seed concentration for three

temperatures. At 21°C, even if the difference on seed concentration was high (7.5 pg m?3) the
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increase on SOA yield was low. At 12°C, the effect of seeds particles was still limited. However
at 7°C, an increase in the seed concentration from 6 pg m= to 11ug m> led to a doubled SOA
yield. SOA formation ranged from 0.4 to 15.5 pg/m?® and SOA vyields ranged from 0.35% to
19.36% depending on the initial experimental conditions. The toluene walls losses were

approximately 5% and were taken into account for SOA yield calculations. The toluene

consumption was on average 52+7%.
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Figure 4.4. SOA yield as a function of (a) formed organic aerosol; (b) seed concentration.
In our experiments, VOC/NOx ratio (ppbC/ppbv) varied between 3.28 and 7.15. Thus,

we consider that the experiments were performed under relatively medium-low NOy regime.

Figure 4.5. compares the SOA yield from this study to the yields found by Ng et al.[¢]
and Hildebrandt et al.’! in smog chamber experiments. Both studies used much higher initial
toluene concentrations (200-1000 ppbv) and higher NOy (300-1200 ppbv).
Hildebrandt et al.[’! covered a temperature range of 11-32°C, while Ng et al.[®! performed

conditions

experiments at 25°C.
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Figure 4.5. SOA vyield comparison with Ng et al. 2007 and Hildebrandt et al. 2009 toluene SOA experiments.

Our yield is located at the lower edge of the Hildebrandt et al.[%! proposed area, and

are closer to Ng et al.l! data. One reason could be that Hildebrandt et al.%! yields were
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corrected for both organic vapors and particles losses on the chamber walls, while Ng et al.[¢]
applied wall losses corrections for the particulate phase only. Our SOA vyields have been
corrected only for toluene wall losses. SOA yield widely vary in the literature for experiments
carried out in simulation chamber using toluene as VOC.[* 71 In general, experiments have
been done in simulation smog chamber and PAM reactors, which leads to higher ‘OH exposure

times and hence, higher SOA loadings than the presented here.

4.1.2. Gas and particle phase carbon distribution

Figure 4.6. shows the average oxygen and nitrogen distribution as a function of the
carbon number for the gas phase products of toluene photoxidation. Carbon number ranges
from Cq to C7. At 7°C, the C;7 carbon number products account for almost 20% of the total mass.
The C; carbon products correspond to ring retaining products including cresols and
benzaldehyde and their secondary degradation products (see section 4.1.3.). The C3-C4 and C;-

Cs compounds correspond to products formed upon aromatic ring cleavage. By last, the C;

compound is formed by formic acid and formaldehyde or ion fragments corresponding to such

ion fragments.
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Figure 4.6. Gas phase carbon number distribution of toluene degradation products a) as a function of oxygen
at 7°C, b) as a function of oxygen at 21°C, c¢) as a function of nitrogen at 7°C, d) as a function of nitrogen at

21°C

The reaction products contain between 1 and 5 atoms of oxygen, the oxygen number

increases with the carbon number of the molecule. Gas phase reaction products do also contain
some nitro-compound. Nitrogen containing compounds account for 11% of total product mass in
gas phase. The nitrogen containing fraction is certainly underestimated since PTRMS
parameters were not optimized for linear organonitrate products measurement. Hence, only
aromatic organonitrates were detected. This fraction did not show any temperature

dependence in the experimental range investigated (7-22°C) which is in agreement with
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Baltaretu et al.l'"% who reported low temperature dependence of the primary toluene oxidation
products.

Figure 4.7. shows the average oxygen and nitrogen distribution as a function of the
carbon number for the particle phase products. The graphics show experiments carried out at
at 7°C (aand c) and at 21°C (b and d). Carbon number ranges from 1 to 7 as for the gas phase.
The mass fraction increases with the carbon number. At 7°C, the C1 and C; compounds account
approximately 5% each one; the C3-Cs compounds account for around 10-15% and the higher
mass fractions corresponds to C¢ and C; compounds (=23-25%). As carbon number increases,
the molecules present more oxygen atoms ranging from 1 to 5 oxygen for C; compounds. A very
small fraction of nitrogen-containing compounds is presented in particle phase (3.86% at 7°C
and 2.71% at 21°C). Despite the changes in total SOA mass formed, no significant variation in

the elemental composition has been observed for experiments at different temperatures.
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Figure 4.7. Particle phase carbon number distribution of toluene degradation products a) as a function of
oxygen at 7°C, b) as a function of oxygen at 21°C, c) as a function of nitrogen at 7°C, d) as a function of
nitrogen at 21°C.

4.1.3. Gas and particle phase analysis

A detailed chemical composition analysis of the gas and particle phase has been
performed. Approximately 31 compounds were identified by the PTR-ToF-MS and the CHARON
inlet in the gas and particle phase, respectively, during toluene photoxydation. Table 4.1.
presents the exact mass peak, the corresponding ion molecular formula, the tentative chemical
assignment (identification) and the quantification for experiments carried out at 7°C and 21°C
(Exp n° 27 and 5, respectively). The gas and particle yields (in ppbC) for experiments at 21°C
and 7°C can be found in tables AV.1-4 in annex V. These yields are calculated the individual

formed product respect to total formed products (relative) and the individual formed product
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respect to the consumed VOC (absolute). Tentative assignments are based on references taken

in the laboratory of pure compounds (Table AV. 18. In the annex V) and on literature work.['"-14

Table 4.1. Gas and particle phase products quantification (ppbC) during the toluene photoxidation for
experiments carried out at 7°C and 21°C. In bold are the identified products upon comparison with pure
reference compounds.
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Gas Particle
n° Possible compound(s) Formula Protonated m/z 7°C/21°C 7°C/21°C
1 Methylglyoxal C5H40,/C,HLO 73.03/45.033 13.86/23.74 1.00/0.43
2 Maleic anhydride CH0/CHs0, 701 Idrateat 45 6579214 0.08/0.05
Acetic
3 acid/Hydroxyacetaldehyde C,;H40, 61.028 10.84/14.89 0.68/0.40
Formic acid CH,0, 47.013 10.82/16.69 0.41/0.23
5 Nitrocresols (isomers) C7H,NO; 154.05 5.08/8.04 0.07/0.04
107.05/ possible
6 Benzaldehyde C;HO contribution105.04 3.72/7.91 n.d./ n.d.
7 Nitrotoluene CsH,NO, 138.06 3.21/8.55 n.d./ n.d.
8 Cresols (all isomers) C;HgO 109.06 2.85/5.43 n.d./ n.d.
9 Benzoic acid* C;H0, /C;H,0 123.04/105.04 1.99/4.03 0.13/0.07
10 4-oxo-2-pentenal® CsH¢O,/CsH,0 99.046/81.035 1.90/5.66 0.56/0.18
11 methyl furandione* CsH,0; 113.02 1.38/2.33 0.37/0.14
12 2-butenedial C4H40, 85.031 1.21/3.26 0.32/0.12
13 Nitrophenol C¢HsNO3 140.04 1.04/1.61 0.10/0.05
14 2-hydroxy-1,3-propanedial* C3H403/C3H,0, 89.026/71.016 0.82/2.14 0.57/0.29
15 4-0xo-2-pentenoic acid* CsHO3/CsH40, 115.04/97.032 0.78/1.86 0.70/0.4
16 4-0x0-2-butenoic-acid* C4H40; /C4H,0, 101.03/83.012 0.78/2.48 0.43/0.19
2-0x0-3-
17 hydroxybutanedial* C4H40, 117.02 0.60/1.4 0.31/0.14
18 Butan-1,4-dial* C4H¢0, 87.05 0.40/1.41 0.20/0.08
19 6-hydroxy-2-methyl, 1,4,5 CHeOs 155.03 0.36/0.43  0.65/0.33
trioxo-2 cyclohexene
methyl-oxo-pentenoic 129.06/ part of
20 acid* C¢HgO3/C¢HeO; 111.04 0.34/0.71 0.40/0.13
103.04/ possible
21 2-hydroxy-3-oxobutanal* C4H¢0O5 /C4H,40, contribution 0.26/0.45 0.40/0.13
85.031
111.04 /possible
22 5-Methylfurfural* CeHe O, contribution 0.26/0.62 0.31/0.12
97.028
23 5-Hydroxymethylfurfural® C¢Hs03/C¢H40, 127.04/109.03 0.19/0.51 0.84/0.33
2,3-epoxy, 2-methyl-4-
24 hexenedial® C,HgO5 141.05 0.15/0.26 0.29/0.13
2-hydroxy-5-methyl-
25 pentenedial* C,HgOs 173.04 n.d./ n.d. 0.29/0.08
26 4,5-dioxo-2-hexenoic acid* C¢HsO4 143.03 n.d./ n.d. 0.42/0.19
5-hydroxy-6,4-dioxo-2-
27 heptenal® C;HgO4 157.05 n.d./ n.d. 0.50/0.14
* Or isomers
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Methylglyoxal is the most abundant product with an absolute yield of 5.4 % at 7°C.
Methylglyoxal has been previously reported in the literature.[" ' 59 Yijelds widely varied
depending on the experimental conditions. Baltaretu et al.[' and Ji et al.[?°! reported a yield
below 4% while other studies [2'-23] found methylglyoxal yields between 14-16.7%. Methylglyoxal
is also the most abundant product in the particle phase accounting for 7.8% of the total SOA
formation. Methylglyoxal has been previously detected in the particle phase.['" '3 ' The high
concentrations of methylglyoxal in particle phase have been tentatively explained by bulk

reaction in the particle leading to the formation of gem-diols. ['"]

Glyoxal is usually reported as a main toluene photoxidation product, following the same
formation route the methylglyoxal.'® 24 251 However, the glyoxal detection (m/z 59.013) was
difficult in our system because of interferences with dominanting signal of acetone (59.049),
which is formed by degradation of the IPN and because of the low sensitivity of the PTRMS for
glyoxal (due to its low polarity). Other products formed upon the ring opening are the 4-
oxopentenal or 2-butenedial. These compounds are co-products of glyoxal and methylglyoxal

respectively. ']

Maleic anhydride is the second most abundant gas phase product. Maleic anhydride has
been previously reported in the literature.l'" ' 26 |t is formed from photolysis or *OH reaction

with 2-butenenedial and further O; addition, ending with a ring closure.

Benzaldehyde, cresol and nitrotoluene have been previously reported as first generation
product from toluene photoxydation.['%:11:16-20, 27, 28] Cresol is formed from OH-toluene adduct,
product of OH-addition mechanism. H-abstraction mechanism gives rise to the benzyl radical
that is rapidly converted to benzaldehyde. The ratio between H abstraction and *OH addition is
well established in the literature by simulation experiments and models and it is close to
0.08.[12, 14,21, 29331 |n this work the branching ratio of 4.3% for the benzaldehyde, without taking
into account further reaction of benzaldehyde. Formation of nitrotoluene by NO; direct
addition to the toluene molecule accounts for a 3.7% of the total products. Nitrocresol is
formed by direct addition of NO2 group to a cresol molecule and accounts for 5.9% of the total

gas phase products.

The ion fragment at m/z 123.04 corresponds to the molecular formula C7HsO2, which
can be attributed to methyl benzoquinone, benzoic acid, hydroxybenzaldehyde or other
isomers. Benzoic acid and methyl benzoquinone have been detected by White et al.l'3l and
Schwantes et al.['?l as result of the reaction of HO;® with the peroxy radical, (formed from *OH
oxidation of benzaldehyde). The methyl benzoquinone formation could be explained as a
secondary product from cresol degradation. The *OH radical reaction with cresol can lead to a
biclyclic intermediate compound that decomposes and produces methyl benzoquinone.['Z]
Hydroxy benzaldehyde was firstly reported by Borras and Totajada-Genaro [l who proposed an

"OH addition to a benzaldehyde molecule as a possible formation mechanism.
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The 4-oxopentenal (m/z 99.046), the 2-oxopentenoic acid (m/z 115.04) and the
hydroxymethyl trioxo cyclohexene (155.03) are major products in the particle phase. These
compounds were also identified in the gas phase in smaller fractions. The 4-oxopentenal has
been previously reported.'”” ' 21 The ion fragment at m/z 115.042 has several possible
isomers, literature work suggested that the aromatic ring decomposition of the bicyclic peroxy
radical leads to the formation of CsH,O; isomers and they attributed these isomers to acetyl

acrylic acid, 4-oxo-2-pentenoic acid and 2-methyl-4-oxo-2-butenoic acid.!"''1"

The ion fragment at m/z 155.03 may have two possible isomers at least. Several previous
works on toluene assigned it to hydroxymethyl trioxo cyclohexene ' > ™! formed from methyl
benzoquinone, which reacts with OH and after with O, to form its peroxy radical. Schwantes et
al."® proposed dihydroxy methyl benzoquinone as isomer, formed by OH-degradation of the
trihydroxy toluene. Degradation mechanisms for the first steps of toluene photoxidation are
presented in figure AV.1. in annex V. Approximately 10-15% of the products found in the
particle phase are non-volatile and are not detected in the gas phase, the remaining fraction is

characterized by products that do partition between the gas and the particle phase.

4.1.4. Gas/Particle phase partitioning analysis

Using the particle and gas phase concentrations of the reaction products measured. It
was possible to calculate the partitioning coefficient (K ;) and the saturation concentration, ¢
using equations [1.13] and [1.17] described in chapter |. Figure 4.8. shows the K, ; values for
three different temperatures for selected m/z’s. For all compounds, the K,; at 7 and 12 °C
(black and green bars) are systematically higher than K, ; 21 °C, indicating how the volatility of
these compounds is affected by relatively small changes in temperature. Figure AV.2. the in

annex V contains the calculated K, ; values of all the m/z’s.

Figure 4.8. Experimental K, values of m/z’s for toluene photoxidation, where a unique compound or a set of
isomers compounds were assigned. The error bars correspond to the one standard deviation of the average.

Figure 4.9. depicts the O:C ratio of the identified reaction products of the OH-toluene

system versus the log,C; at 21°C and 7°C as a function of the oxygen atom number. The
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volatility representation into the 2D-VBS framework ** was used in Figure 4.7. in order to
facilitate the interpretation of our results. The toluene SOA products fall in the area of the
semi-volatile organic compounds, SVOCs, (light green) covering also a small area of the
intermediate volatile organic compounds, IVOCs (light blue). The toluene SOA saturation
concentration ranged between 1 and 10° ug/m?® and there was not a clear trend between the
saturation concentration, O:C and oxygen number. For lower temperatures the toluene SOA
saturation concentration decreased appreciably, which is indicated in figure 4.8. by the shift to

the left by the gray circles (7°C date set).

Oo:.C

1 2 3 4
oxygen atom number

0.0 I I I |

0 1 2 3 4 5
log1,C*

Figure 4.9. 0:C ratios versus the saturation concentration in terms of log,,C” for the species indentified in
both gas and particle phase. The size of the dots denotes the oxygen atom number of each species. The error
bars correspond to logarithmic values of the minimum and maximum K, values shown in Figures 4.6. and AV.2.

4.2. Naphthalene photoxidation

Naphthalene was measured in the exhaust of the tested gasoline and diesel emissions.
In general, naphthalene is the most abundant PAHs in vehicle emissions.?>®! PAHs show a very
high SOA formation potential.?**"! Thus, even if naphthalene is emitted in very small amounts
in comparison to other compounds, both its contribution to SOA and its particle phase products
should be investigated. In total, 7 experiments have been carried out in the AFT using
naphthalene as SOA precursor. The naphthalene wall losses were approximately of 10% and

were included in the SOA yield calculation.

4.2.1. Influence of parameters for SOA formation

Figure 4.10. illustrates the SOA yield as a function of the produced SOA mass

concentration at different temperatures and initial naphthalene concentrations. For similar
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initial VOC concentration, experiments at low temperature led to higher organic concentration

and hence, SOA yields.
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Figure 4.10. Influence of Temperature and initial VOC concentration for naphthalene experiments.

Others parameters as initial VOC, NOx and seeds concentration do highly influence SOA
formation. For naphthalene concentrations of 3 ppbv, SOA yields are in the order of 18-23%
while SOA formed is around 2-3 pg/m?® at 7°C. SOA vyield decreases to 8-9% for naphthalene
concentrations of 18-25 ppbv with a formed SOA mass around 8 pg/m?® for experiments at same
temperature. Lower VOC concentration leads to higher SOA yields (as VOC consumption is low)
but poor SOA mass concentration as compared to higher VOC loads. For similar initial
conditions, addition of NOx (200pbbv) shows a reduction of SOA concentration from 7.7 to 6.6
pg/m’ at 7°C and from 4.5 to 3 pg/m® at 21°C. NOx concentration reduce SOA formation
changing the product distribution as already discussed in chapter I. This is in agreement with
Chen et al.P®!, who reported higher SOA yields from naphthalene and methylnaphthalene at
low NOx.

To sum up the naphthalene, SOA formation ranged from 2.3 to 7.7 ug/m?® and SOA yields
from 2.6% to 23%. High variability of SOA yields is reported in the literature. Chan et al.'”
reported yields in the range of 19-30% for high NOx experiments and around 70% for low NOx
regime. While Kleindienst et al.[**! reported yields between 11% and 30 % at low and high NOx
regime, respectively. Shakya and Griffin 4 found reduced yield variation (8-13%) for different
VOC/NOx conditions.

4.2.2. Gas and particle phase carbon distribution

Figure 4.11. shows the average oxygen and nitrogen distribution as a function of the
carbon number for the gas phase products of naphthalene. The graphics show experiments
carried out at 21°C (a and b) and at 7°C (c and d) with addition of 200 ppbv of NOx.
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Experiments without NOx addition show almost identical product distribution and therefore are

not presented here.
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Figure 4.11. Gas phase carbon number distribution with addition of 200 ppb of NOx a) as a function of oxygen
at 21°C b) as a function of nitrogen at 21°C c) as a function of oxygen at 7°C d) as a function of nitrogen at
7°C

Carbon number ranges from C; to Cqo. Carbon distribution is dominated by Cs (19-21%)
and Cy (14-19%) compounds, corresponding to first and second oxidation products while the Cy
compounds (ring retaining structure) accounts for 5-10% of the total products. At room
temperature Figure 4.9.(a), smaller reaction products (mainly Cs compounds) products account
for 14% of the total gas phase products. While at lower temperature (figure 4.9.c) these
ccompounds account for less than 10% of the products. The C; and C; compounds present
mainly one or two oxygen atoms; the C4, Cs and Cs are characterized by higher oxygen content,
mainly between 2 and 4 oxygen atoms. Nitrogen containing compounds account for

approximately 1-2% of the gas phase products.

Figure 4.12. shows the average oxygen and nitrogen number as a function of the carbon
number for the particle phase products. The graphics show experiments carried out with
addition of 200ppb of NOx at 7°C. Experiments without NOx addition and experiments carried
out at 21°C presented almost identical product distribution and therefore are not presented
here. Particle phase products C distribution is considerably different that what observed for
the gas phase (figure 4.9.). At 7°C, the C4o and Cg compounds are the most abundant products,
accounting for 22% and 38% of the total particle phase products, respectively. SOA composition
is mainly formed by compounds containing 2, 3 and 4 oxygen atoms corresponding to 26%, 44%
and 11%, respectively, of the total particle mass loading. As for carbon distribution, NOx

addition to the reactants mixture has little influence in the product distribution.
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Figure 4.12. Particle phase carbon number distribution with addition of 200 ppb of NOx at 7°C a) as a
function of oxygen b) as a function of nitrogen.

4.2.3. Gas and particle phase analysis

A detailed chemical composition analysis of the gas and particle phase has been carried
out. Table 4.2. presents the exact mass peak, the corresponding ion molecular formula, the
tentative chemical assignment of reaction products and quantification for experiments at 7°C
and 21°C (Exp n° 5 and 2, respectively). Gas and particle yields for experiments at 21°C and
7°C can be found in tables AV.5-8 in annex V. Tentative assignments are based on references
spectra of pure compounds (Table AV.18. in the annex V), toluene photoxidation products, and

literature. [

In the next section only some of the major reaction products will be discussed with
respect to the literature. Cinnamic acid is one of the most abundant products found in gas
phase. The overall yield ranged from 19% to 14.5%. Chen et al.!*” reported cinnamic acid as a
major product in the gas phase. Cy products are secondary generation compounds formed by O,
addition to 2-formylcinnamaldehyde to form RO;" radicals and further RO radicals. Kautzman
et al.[*! proposed loss of CO, followed by hydride shift and 0,/HO, oxidation as possible

explanation to form acids. The reaction mechanism can be found in figure AV.4 in the annex V.

Phthalic anhydride is a major reaction product found both in the gas and the particle
phase. Gas phase yields vary from 9.9 % to 6.4% when decreasing the temperature from 21°C to
7°C. Particle phase yield are above 10%. Sasaki et al.!*”! estimated yields of approximately 3%
at room temperature. Phthalic anhydride is generally thought to be a second generation
product, probably from first generated phthalaldehyde through further reaction with ‘OH
radical and isomerization process. !

Phthalic acid has been found the most abundant product in SOA mass in other studies
[45, 48, 9] and also found in appreciable amounts here. Further oxidation of phthalic anhydride
yields phthalic acid. The hydroxy phthalic anhydride is another product thought to be formed
from phthalic anhydride.
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Table 4.2. Gas and particle phase products quantification (ppbC) found in naphthalene photoxidation for
experiments at 7°C and 21°C.

Gas Particle
Possible compound(s) Formula Protonated m/z 7°C/21°C 7°C/21°C
1 Cinnamic acid CoHg0, 149.059 15.00/25.38 0.18/0.02
2 G;}"}ﬁg;‘; acid CsHeO, 75.044 7.41/7.72  0.15/0.06
3 Phthalic anhydride CgH403/CsHy0, 149.023/131.012  6.58/13.29  2.98/0.23
4 Fragment C,H:0/CoHeO, 45.033/63.044 5.72/12.58  2.41/4.11
5 T Amaphthoguinone 2,3 ¢ H0s/CioH,0;  175.038/157.028  5.01/0.28  1.40/0.01
6 Phthalic acid CaHeOs 167.033 3.80/4.75  0.61/n.d.
7 Zformylphenylacrylic C10HsO0s 177.054 1.62/0.39  4.62/0.04
8 Naphtoquinone CioHe0s/CioHiO  159.044/141.033 1.36/0.46  1.35/0.07
9 Coumaric acid* CoHgO3/CoH40, 165.054621/147.044 3.48/0.96 0.80/0.01
10 Hyd;g’g phtnalic CeHi04/CeH,05  165.018/147.0076  3.14/0.83  0.79/0.07
11 2-formylcinnamaldehyde  CyoHgO2/CoHeO  161.059/143.049 2.99/0.3  1.02/0.1
12 Phthalaldehydic acid *  CgHgOs/CaHaO, 151.038/133.028  2.98/0.97  0.68/0.05
13 Formic acid CH,0, 47.013 2.45/2.1 0.31/0.42
14 Phthalaldehyde CeHe02/CsH.0 135.044/117.033 2.40/5.29  0.67/0.07
15 zp*r‘gg;‘r’]’;‘g;f C3H405/C3H;0, 89.0233/71.012 2.23/1.85  0.15/0.15
16 Hexano-2,5-dione* C¢H100,/C¢HgO 115.075/97.064 1.33/1.03 0.22/0.12
17 2-butenedial C.HA0; 85.028 1.32/1.02  0.14/0.1
18 Hydroxybenzoic acid* C;Hg03/C¢HO 139.038/95.049 1.24/0.52 0.09/n.d.
19 4-oxo-pentanal* CsHg0,/CsHO 101.06/83.049 1.12/0.59 0.29/0.1
20 Nitrophenol® CHsNO3/CeHsNO,  140.034/122.024 1.06/1.39  0.05/n.d.
21 Nitronaphtol C1oH/NO; 190.049 0.03/0.07  0.64/0.07
22 Acetic acid* C,HA0; 61.028 n.d/nd.  0.73/1.28
23 Diacetylbenzene* C10H100, 163.075 n.d./n.d. 0.91/0.04

* Or isomers

The phthalaldehyde yield was in the range of 2.3-3.9% for temperatures between 21°C
and 7°C in gas phase. Wang et al.!*®! reported phthalaldehyde as one of the most abundant gas
phase product. Glyoxal is reported as co-product of phthalaldehyde as a result of loss of two
carbons from naphthalene.”® However, while glyoxal can be formed also as secondary product
from other pathways, phthalaldehyde is only a first generation product.? Even if not
measured (because of interferences with acetone), we can assume a glyoxal formation yield

similar to that of phthalaldehyde.

The 2-formylcinnamaldehyde is a major ring opening reaction products. In our
experiments, the 2-formylcinnamaldehyde observed in the gas phase accounts for low yields
varying from 0.22% to 2.90% when decreasing the temperature from 21°C to 7°C. But
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literature reported higher yields at low and high NOx regime (14-56%).[**"> 5'1 Some authors
suggested that 2-formylcinnamaldehyde is highly prone to photolysis.! ! Others suggested that
it will be rapidly oxidized. The fact that further generation products are observed in our
experiments can explain the low yield measured for 2-formylcinamaldehyde which is first

generation product.

The 1,4-naphthoquinone 2,3-oxide has been reported previously in literature with a
yield around 5%."” In our study, 1,4-naphthoquinone 2,3-oxide is found in both gas and particle
phase with similar yield around 5%. Zhang et al.’” reported a formation mechanism for 1, 4-
naphthoquinone 2,3-oxide starting from the peroxy hydroxynaphthalene radical followed by
oxygen atom loss and isomerisation. The 1,4-naphtoquinone is another important compound in
the particle phase with a yield of 5% while in the gas phase it reaches 1% at 7°C. The 1,4-
naphtoquinone has been previously reported in literature in small yields, according to those

presented here. [ 4> 47, 33, 54]

A simplified naphthalene degradation mechanism for first generation product can be

found in Figure AV.3 in the annex V.

4.2.4. Gas/particle phase partitioning analysis

Using the particle and gas phase concentrations of the reaction products measured it
was possible to calculate the partitioning coefficient (K, ;) and the saturation concentration, o
using equations [1.13] and [1.17] described in chapter |. Figure 4.13. shows the K, ; values for
three different temperatures, 7 , 12 and 21 °C and for selected m/z’s. Figure AV.2. in the

annex V contains the calculated K, ; values for all the m/z’s measured.
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Figure 4.13. Experimental K, values of m/z’s for naphthalene photoxidation, where a unique compound or a
set of isomers compounds were assigned. The error bars correspond to the one standard deviation of the
average.

Figure 4.13. presents a wide range of partition coefficients, ranging from 0.4 to 1x10™

m*/pg. The K,,i at 21°C was clearly lower in comparison to K, ; at 7°C, indicating that changes in
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temperature highly affect volatility of the measured species. As a trend, compounds that own
higher number of carbon atoms own higher Kp. Figure 4.14. depicts the O:C ratio of the

identified molecules i versus the log,C; at 21°C and 7°C as a function of the oxygen atom

number.
SVOC IVOC
21 -J— A 0000
me. c L1011
1.6 - 1.2 3 4

oxygen atom number

logo C

Figure 4.14. O:C ratios versus the saturation concentration in terms of log;,C” for the species indentified
in both gas and particle phase. The size of the dots denotes the oxygen atom number of each species.
The error bars correspond to logarithmic values of the minimum and maximum K, values shown in
Figures 4.12.

The volatility representation into the 2D-VBS framework ** was used in Figure 4.12.. The
naphthalene SOA products fall in the area of the semi-volatile organic compounds, SVOCs,
(light green) covering also a small area of the intermediate volatile organic compounds, IVOCs
(light blue). The SOA saturation concentration ranged between 0.2 and 10* pyg/m® and there
was not a clear trend between the saturation concentration and the O:C oxygen number. For
lower temperatures the naphthalene SOA saturation concentration decreased appreciably,
which is indicated in figure 4.14. by the shift to the left by the gray circles (7°C date set). In
term of mass, for experiment at 21°C, SVOCs account for 42.7% and IVOCs for 20.14%. At 7°C,
SVOCs account for 77.5% and IVOCs for 2.29%, which is in agreement with the toluene results.

4.3. Cyclohexane photoxidation

Gasoline and diesel vehicle exhaust comprises also cyclic compounds. The cycloalkanes
represent a large fraction as already seen in the chapter lll and in the literature.l* 3¢ >
Cyclohexane was chosen as model compound for the cycloalkanes family. In total, 9

experiments have been carried out in the AFT.
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4.3.1. Influence of parameters for SOA formation

Figure 4.15. presents the SOA yield versus concentration of formed SOA as a function of

temperature and cyclohexane initial concentration.
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Figure 4.15. SOA yield versus SOA concentration as a function of temperature and initial cyclohexane
concentration.

In the figure 4.15., data points 7 and 8 indicate experiment carried out under similar
initial cyclohexane concentration, humidity and temperature but different OH-exposure being
point 8 associated to an OH-exposure of 11 hours and point 7 to 28 hours. The enhanced OH
radical exposure induces an increase in SOA mass concentration from 1.3 pg /m® to 2.5 ug /m”.
While points 8 and 9 show, under identical experimental conditions, a reduction of a factor two
in the formation of the SOA (from 1.3 pg/m?® to 0.7ug/m®) when 75 ppbv of NOx are added.
Points 3, 4 and 5 show the effect of the initial concentration of cyclohexane for experiments at
21 °C. Thus, doubling initial concentration of cyclohexane (from 25 to 50 ppbv), an increase of

0.6pg/m?® of SOA mass is observed.

To sum up the cyclohexane, SOA formation ranged from 0.7 to 1.85 pg/m® and SOA
yields from 1.06 % to 3.8 %. Experiments without preexisting AS seed did not produce any SOA

[59]

mass. Lim and Ziemann reported a yield of 4% for cyclohexane studies at room temperature

in smog chamber in presence of NOx using much higher concentrations of precursor and seeds.

4.3.2. Gas and particle phase carbon distribution

Figure 4.16. shows the average oxygen number distribution as a function of the carbon
number for the reaction products of cyclohexane. The graphics show (a) gas phase products,
(b) particle phase products, (c) gas phase product when 75 ppbv NOx are added and (d) particle

phase products when 75 ppbv NOx are added for experiments at 7°C.
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Figure 4.16. Average oxygen number as a function of carbon number product distribution at 7°C for: gas phase
experiment (a), gas phase experiment with NOx addition (b), particle phase experiment (c), particle phase
experiment with NOx addition(d).

Cyclohexane reaction products range from C; to C4 compounds in both phases. The
carbon distribution is always dominated by C, (37-47%) and Cs (30-46%) compounds,
corresponding to first and second oxidation and ring retaining products, respectively. As
observed, addition NOx and hence, a reduction of VOC/NOx ratio from 3.7 to 3.2 (plot b and d)
leaded to an increase of the C, mass fraction and decreased of C, mass fraction. Results
suggest that pathways corresponding to ring retained products formation (cyclohexanone,
cyclohexanedione, cyclohexanol...) are favoured at low NOx regimes while ring cleavage is
more likely at high NOx values. In the particle phase, the C, compounds account for

approximately 18-24% of the total mass fraction. This group can be formed from fragmentation
of Cq compounds.

Nitrogen containing compounds were not detected in the cyclohexane experiments but
it has to be noted that aliphatic nitro-compounds would be readily decomposed in the PTR-MS
loosing HNO, or HNO; and giving rise to oxygenated ion fragments. Therefore we are almost

blind with respect to these compounds with the used instrumental parameters.

4.3.3. Gas and particle phase analysis

A detailed chemical composition analysis of the gas and particle phase was carried out
using PTR-MS and CHARON inlet. Table 4.3. presents the exact mass peak, the corresponding

ion molecular formula, the tentative chemical assignment of reaction products and the
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quantification for experiments at 7°C with and without NOx addition (Experiments n° 9 and 8,

respectively).

The gas and particle yields for the experiments at 7°C with and without NOx addition
can be found in tables AV.9-12 in the annex V. Tentative product assignment was based on
references spectra of pure compounds (Table AV. 18. in the annex V) and previous literature.
[60-641 " |n the next section only some of the major reaction products will be discussed with
respect to the literature.

Table 4.3. Gas and particle phase products quantification (ppbC) found in cyclohexane photoxidation for
experiments at 7°C without and with NOx addition.

5 _ 5 ~ O O O O
O D O DO d O OtONa e . .
1 Cyclohexanedione C4Hs0, 113.06 14.51/20.28  0.06/0.07
2 Acetic acid/fragment C,H,0, 61.028 27.85/13.25 0.08/n.d.
3 Acetaldehyde /fragment CH,0/CHO,  45.033/63.044  13.61/10.51 0.26/0.14
4 Cyclohexanone C¢H100 99.080 5.00/4.11 0.01/0.03
5 Formic acid CH,0,/CH,0;  47.012/65.022 6.44/2.98  0.12/0.15
6 Cyclohexanol C¢H:,0 101.097 0.81/1.08 0.07/0.13
7 hexan-l.6-dial/hydroxy - o cno  115.07/97.062  0.90/1.35  0.05/0.10
cyclohexanone
8  2,4-dihydroxybutanal*  C,H0,/CHO  87.044/69.031 2.24/0.87  0.03/0.06
9 pentan-1,5-dial C.H.0,/CH,0,  101.02/83.012 0.84/0.73  0.04/0.06
10 2-hydroxy-1,3- CHiO,/CHO  89.059/71.049  0.84/0.43  0.03/0.07
propanedial
11 2-hydroxy-3-oxobutanal* CH¢03/C,H.0,  103.04/85.028 0.86/0.64  0.03/0.05
12 methyl'?&;ﬁe”te”mc CeHg03/CsHgO  129.05/85.064 0.74/0.41  0.03/0.05
13 3'hydr°"yggl‘ta”e'1 D7 CHO./CHO,  115.04/97.028 0.09/0.95  0.01/0.05
14 Formaldehyde /fragment CH,0 31.018 1.99/1.50 0.01/0.01
15 4-ox0-pentanal CsHs0,/CsHO  101.06/83.049 1.48/0.26  0.02/0.03
* Or isomers

Cyclohexanone is a well-known gas phase reaction product of cyclohexane.!®?! Its
degradation by OH radicals can give rise to the cyclohexanedione, one of the most abundant
products in the gas phase. The overall yield ranged from 16% to 32%. Its formation can be
explained by the "OH reaction with cyclohexanone. The high yield of cyclohexanedione may
explain the small yield of cyclohexanone reported here (5-6%), compared to literature (9-
21%).12 71 First generation ring retaining products as cyclohexanol and hydroxy
cyclohexanone do present an important fraction of the gas products reaching 2 % in the gas
phase and 10% in the particle phase. These products were also reported in previous literature.
63, 671 Figure AV.4. in the annex V presents a simplified cyclohexane degradation mechanism

and first generation products formation.
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Ring cleavage pathway forms dialdehydes and carboxylic acids.”® ¢ Acetic acid,
acetaldehyde, formic acid, formaldehyde, glyoxylic acid and butan-1,4-dial can be explained
by open ring followed by further decomposition of the C, atom molecules. Formaldehyde,

hexanedial and formic acid have been reported in literature [*'- ¢ ¢

and are also reported here
for both phases. Formic acid is one of the major products in particle phase (12.3%). Formation
mechanism for formic acid is presented in figure AV.5 in the annex V. During the present
experiments average ratio between ring retaining and ring cleavage reaction products was
approximately of 0.66 for the gas phase, while for the particle phase this value is

approximately 0.23.

Figure 4.17. depicts the O:C ratio of the identified molecules i versus the log;C; for
experiment as a function of the oxygen atom number. The volatility representation into the 2D-
VBS framework was used in Figure 4.15. in order to facilitate the interpretation of our results.
The cyclohexane SOA products fall in the area of the semi-volatile organic compounds, SVOCs,
(light green) covering also a small area of the intermediate volatile organic compounds, IVOCs
(light blue). The cyclohexane SOA saturation concentration ranged between 10 and 10° pg/m°.
Compounds with higher 0:C ratio showed in general lower volatility even though some
exception is observed. In term of mass, for experiments without NOx injection, SVOCs account
for 65% and IVOCs for 9% of the total SOA mass.
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Figure 4.17. 0:C ratios versus the saturation concentration in terms of log;oC" for the species indentified in
particle phase. The size of the dots denotes the oxygen atom number of each species.

4.4. Nonane photoxidation

Linear alkanes have been measured in both gasoline and diesel tailpipe emissions.
Alkanes have reported as major VOCs in the vehicles exhaust.!*® * ¢ 1 |t was recently shown

that low volatility alkanes (IVOCs...), may highly contribute to SOA formation.®”*! Nonane was
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found in both diesel and gasoline measured emissions and since alkanes distribution is not the
same for diesel and gasoline vehicles, we found nonane as appropriate compound for represent
both emissions. In total, 7 experiments have been carried out in the AFT using nonane as SOA
precursor. The nonane wall losses were evaluated (10-15%) and were considered in the SOA
yield calculation. Experiments with long linear alkanes have been carried out using the
pentadecane, a good proxy for diesel emissions. However, wall losses of this compound were

too high in our experimental set-up.

4.4.1. Influence of parameters for SOA formation

Figure 4.18. shows the SOA yield as a function of the final OA concentration at different
temperatures. SOA formation ranges from 1.85 to 4.3 pg/m?® and SOA vyields ranged from 0.24%
to 1.64%. When temperature increases from 7°C to 21°C, the amount of SOA formed is reduced
by half. This can be observed comparing the blue and red points (7°C and 21°C) plotted for the
same initial VOC concentration. Takekawa et al.'* studied the influence of the temperature for
linear alkanes. On average, an increment of SOA yield of 2.7% was reported for a temperature
change from 30 °C to 10 °C, what is in agreement with results presented here. Other
parameters as initial VOC concentration do influence SOA formation. For nonane
concentrations of 73 ppbv (nonaneg/2.5), SOA yield was in the approximately 1.6% and

decreased to 0.5% when the nonane concentration was193 ppbv.
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Figure 4.18. SOA vield versus SOA formation as a function of different temperatures and initial
concentrations of nonane.

The photo-oxidation of nonane has been investigated in simulation chambers
experiments which reported higher SOA yields (8-10%). > " Our results indicate yields around
2% at low temperature and 1% at room temperature. This difference has been mainly

attributed to several experimental parameters: initial precursors and seeds concentrations
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were much higher in the chamber experiments and also the experiments presented longer
oxidation time (days).

4.4.2. Gas and particle phase carbon distribution

Figure 4.19. shows the average oxygen and nitrogen distribution as a function of the
carbon number for both the gas and the particle phase reaction products. The graphics show
the product C distribution for experiments carried out at 21°C (a and c) and at 7°C (b and d).
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Figure 4.19. Average oxygen number as a function of carbon number product distribution for: gas phase
experiment at 21°C (a) , for gas phase experiment at 7°C (b) for particle phase experiment at 21°C (c) and for
particle phase experiment at 7°C (d).

The carbon number of the reaction products ranges from C; to Cy. The gas phase carbon
distribution is dominated by the Cs (22-23%) compounds but the C distribution is slightly
different at the two experimental temperatures. At room temperature most of the gas phase
products are distributed around C, and Cq compound, while at lower temperature the
distribution shift towards larger product (Cs-C;). In the particle phase, the carbon distribution
is dominated by small compounds, namely C; and Cs groups (16-18% and 21-22%, respectively).
It has to be noted that nonane reaction products highly fragment in the PTR-MS and therefore
many of the ion fragments could also belong to larger molecules. The oxygen distribution is
dominated by compounds containing three oxygens in both phases, while the C4 and G

compounds do contain the most oxidized compounds with molecules having four oxygens.

4.4.3. Gas and particle phase analysis

A chemical composition analysis of the gas and particle phase has been carried out.
Table 4.4. presents the exact mass peak, the corresponding ion molecular formula, the

tentative assignment for reaction products and quantification for experiments under low NOx
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conditions at 7°C and 21°C (experiments n° 5 and 2, respectively). Gas and particle yields for
experiments at 21°C and 7°C can be found in tables AV.13-16 in annex V. Tentative
assignments are based on references spectra of pure compounds (the major reaction products

for experiments Table AV.18. In the annex V) and literature.®* 747

Reaction products of nonane are highly fragmented in the PTR-MS. The fragmentation
patterns of aldehydes and acids have been investigated in dedicated experiments using pure
reference compounds. For the most oxidized and functionalized we did not have references
and therefore the assignment is very preliminary and uncertain. Nonane reaction products are
mainly aldehydes, peroxy acids, carboxylic acids, nonanone and dihydrofurans (DHFs). Figure

4.20. shows the degradation mechanism from linear alkanes at low NOx regime.*!

Table 4.4. Gas and particle phase products quantification (ppbC) found in nonane photoxidation for
experiments at 7°C and 21°C.

Gas Particle

Co;‘l’)sil‘;'j(s) Formula Protonated m/z  7°C/21°C  7°C/21°C
1 Propanoic acid C3Hg02/C5H,0 75.044/57.033  19.90/15.90  0.30/0.23
2 PeNTAnePeroxolc  CH0./CHO;,  119.07/101.06  30.51/16.30  0.18/0.15
3 Acetaldehyde C,H40/C,H40; 45.033/63.044  14.86/15.20  0.13/0.12
4 Heptanal C7H140/CHy, 115.11/97.101  11.80/2.55 0.04/0.03
5 Hexa”:gzmxmc CeH1205/C4H100, 133.08/115.07  25.88/13.00  0.11/0.08
6 Formic acid CH,0, 47.01 9.63/3.41 0.26/0.26
7 Butan:cpsjroxoic C4Hg03/C4H40, 105.05/87.044 9.40/6.91 0.19/0.16
8  Butanoic acid C4Hg02/C4HeO 89.059/71.049  7.59/5.55 0.11/0.09
9 Nonanone CoH180/CoHyg 143.14/125.13  6.65/4.64 0.06/0.05
10 Pentanal CsH100/CsHs 87.08/69.069  6.14/3.81 0.09/0.08
11 1'3?{}‘%};’52&]’“ CoHis0 141.13 4.86/2.36 0.01/0.01
12 Octanal CsH160/CaHia 129.13/111.12  4.65/0.54 0.06/0.07
13 Pentanoic acid CsH100,/CsHz0 103.07/85.064  4.57/3.49 0.06/0.04
14 Heptar;ec‘i’gmxmc C7H1403/C7H1,0, 147.10/129.09  17.49/9.33 0.06/0.06
15  Formaldehyde CH,0 31.02 3.57/3.01 0.06/0.06
16 Pr°pag‘*c‘]?§r°x°ic C3He03/CHeO/CsH,0,  91.038/73.028  3.26/3.20 0.59/0.51
17 Hexanal CeH120/CeHro 101.10/83.085  2.25/1.47 0.06/0.05
18 p4er‘]’;‘:n§l CsHg02/CsH,0 99.044/81.033  1.95/5.39 0.17/0.15

acid?f;t;;ent CHAO, 61.03 n.d./n.d. 0.38/0.39

* Or isomers
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The nonane degradation products identified in our experiments are in good agreement

with the work reported in the literatur

o [63, 74]

Following the scheme proposed by Yee et al.

(Figure 4.20.) 3] the formation of carbonyl products such as nonanone (channel 1), and

dihydrofuran (channel 3) can be explained. In our case, acetaldehydes, heptanal and pentanal

are the most abundant aldehydes. Aldehydes are formed following channel 1 in the scheme.

The observed peroxy acids and carboxylic acids are second or third generation products.
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Figure 4.20. Simplified linear alkane degradation mechanism at low NOx regime, adapted from Yee et al,

2013
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Due to high functionalized reaction products, high fragmentation and large
uncertainties on the chemical assighment, the gas/particle partitioning investigation has been

not developed yet.

4.5. SOA from nonane-toluene

Figure 4.21. presents the SOA yield versus concentration of formed SOA for a mixture of
toluene-nonane for experiments carried out at different temperatures. The black line indicates
how a temperature drop from 21 to 7° C causes an increase in the SOA yield from 0.38 % to 1.6
% and on SOA mass concentration from 1.8 to 4.8 pg/m?®. The red line shows how the NOx
addition (200 ppbv) to the reactants mixture causes a drop of the SOA yield and SOA mass

concentration of almost of a factor 2.
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Figure 4.21. SOA vyield versus SOA formation as a function of different temperatures, VOC concentrations and
NOx concentrations.

All experiences are characterized by a nonane/toluene ratio of 4, only one has been
carried out at the nonane/toluene ratio of 1.85. The increment of the toluene fraction in the
reaction mixture double the SOA formed (from 1.8 to 3.5 pg/m?). The oxidation times in these

experiences correspond to 5-6 hours of atmospheric OH exposure.

Figure 4.22. presents the carbon number distribution as a function of oxygen number
distribution for experiments carried out at 16° and 7° C. The reaction products carbon number
ranges from C; to Co. The gas phase carbon distribution is dominated by the C; (20-23%), C4 (14-
20%) and C; (15-23%) but the C distribution is slightly different at the two temperatures. In the
particle phase the carbon distribution is dominated by C, group (20-25%) followed to C; (15%)

and Cs (10-18%). There is an important increase of Cg and Cy group compared to gas phase.
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Figure 4.22. carbon number distribution as a function of oxygen number distribution for: gas phase
experiments at 16°C (a), particle phase experiments at 7°C (b), gas phase experiments at 16°C (c) and particle
phase experiments at 7° C (d).

The oxygen distribution is dominated by compounds containing two oxygen in gas phase,
while in the particle phase compounds with two and three oxygen represent the largest

fraction of the products. Some particle phase products contain five oxygen atoms while they
are not present in the gas phase.

By comparing the reaction products for the mixture with the individual experiments it is

possible to apportion the sources in terms of fraction of aliphatic vs. aromatic reaction
products (table 4.5.).

Table 4.5. Gas and particle mass fraction of product regarding parent VOC.

Aliphatic 53 55 22 23
Aromatic 32 33 62 57
Both 15 11 16 20

The gas phase products are dominated by nonane products (53-55%) while toluene
products account for 31-33% only, and approximately 15 % of the compounds identified are
common to both reactants. In the particle phase the reaction products from toluene
degradation dominated with 57-61% of the particle phase followed by products from nonane

(21-22%). These results further support was observed previously about the higher potential of
SOA formation of toluene with respect to nonane.
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4.6. General trends in SOA formation

The next section will present a general discussion about the results on the SOA
formation in the AFT set-up. The figure 4.23. presents the SOA formed with respect to the
concentration of preexisting ammonium sulphate particles between 3 and 13 pg/m’. In general,
SOA from aromatic compounds seems to be more sensitive to changes in seed concentration,
while for nonane, cyclohexane and nonane/toluene (ratio 4) there is a very low dependence on
the seeds concentration. These differences can be explained by the volatility of the reaction

products generated by the SOA precursor and will be discussed after figure 4.24.
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Figure 4.23. SOA formed as a function of ammonium sulfate seed for individual VOC and mixtures.
The Figure 4.24. shows the amount of SOA formed for the tested compounds as a
function of temperature. The experimental conditions chosen are comparable (except the

initial concentration of the VOC).
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Figure 4.24. SOA formed as a function of temperature for individual VOC and mixtures.

The figure clearly shows as the temperature differently affects the SOA mass loading for

the different VOC precursors. To our knowledge, relatively few works investigated
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systematically SOA formation at different temperatures. The results show that the SOA mass
loading can almost increase by a factor 5 when temperature decreases from 21°C to 7°C
(brown data set) for the toluene SOA. For naphthalene, the temperature dependence is quite
flat and the SOA concentration double when passing from 21°C to 7°C. These differences have
been explained in term of the volatility of the reaction products formed during photoxidation.
The naphthalene particle composition is dominated by oxygenated Cs-Cqo compounds of low
volatility (evaluation using the partitioning coefficients). We therefore suggest that these
compounds can readily partition to the particle phase at room temperature. It has to be noted
that the initial concentration of naphthalene was only 18 ppbv. The toluene particle
composition is dominated by oxygenated by C¢-C; compounds, having slighter higher volatility,
and therefore can condense onto the seeds particle only at lower temperature. For nonane and
cyclohexane the situation is different: the reaction products are in general quite volatile and

low condensation is observed at all temperatures.

Figure 4.25. shows the normalized SOA yield for different VOCs and mixture at 7 °C.
The results are presented in terms of SOA yield normalized by the OH radical exposure. This
normalization was needed since the experiments were carried out with different OH
concentrations and a direct comparison was not possible while the VOC concentrations was high

and ranged in the order of 130-250 ppbv.

L ~
] 7°C, Seed range 7-10 pg;’m3
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T N+T C+N+T Cc N
Figure 4.25. Normalized SOA for some VOC and mixtures.

For the nonane-toluene mixture with N/T ratio of 4, the normalized yield is around
0.13%/h (dark blue histogram) and increased to 0.22%/h (light blue histogram) when N/T
becomes 1.85. For the cyclohexane-nonane-toluene system, a ratio of aliphatic to aromatics of
0.6 was used. Toluene clearly exhibit the highest SOA yield, followed by the mixture of VOCs

(that contained toluene) then follow cyclohexane and toluene.

Figure 4.26. shows the effect of NOx addition to the normalized SOA yield for the

different experiments. The amount of NOx added is indicated for each experiment.
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Figure 4.26. Comparison of normalized SOA vield for experiment with/without addition of NOx.

As a general trend a reduction in SOA concentration of 30% was observed when NOx is
added to the reaction mixture. However the VOC/NOx ratio did not change significantly in all
experiments because the isopropyl nitrite used as a precursor of the hydroxyl radicals produces
itself quite a lot of NO,. Therefore most of the experiments were already in a low NOx regime

and the addition of NOx did not drastically change the regime.

4.7. Photoxidation of real vehicle emissions

Few SOA experiments were carried out using exhaust emissions from GDI3 Euro 5. These
experiments have to be considered a preliminary work to optimize the experimental set-up for
future application and coupling of the AFT and the CHARON inlet on complex system as a car
generated SOA. The car exhaust was collected at the tailpipe during a cold WLTC cycle and
introduced into temporary reservoir (60 liters, Pyrex) through a 80-90°C heated line. The
reservoir allowed achieving a desired emission dilution and prevented the injection of flow
turbulences due to speed cycle changes into the AFT which operates under steady-state
conditions. After collection, the reservoir was connected to the AFT and the experiment
started. A C-ToF-AMS and a HR-PTR-ToF coupled with CHARON inlet were used to characterize
primary emission and aging products in both gas and particle phase, respectively. The AFT

temperature was set at 25°C and the RH was 37% during the experiments.

4.7.1 Primary VOC emissions speciation

Before starting the photoxidation the car emission were investigated by sampling
directly from the reservoir. Figure 4.27. presents the averaged VOC concentration and carbon
distribution for aromatics, aliphatics and oxygenated compounds emitted by the gasoline

vehicle. Mass assignment follow the procedure proposed by Erickson et al. !
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Figure 4.27. Averaged primary VOC concentration as a function of carbon number for different families of

compounds.

As expected, the aromatic compounds represent the largest fraction of the emitted

VOC, dominating the range C¢-Cy3. Aliphatic compounds have been measured up to Co ,which is

in quite good agreement with the tenax cartridges results (chapter lll) and with the typical

gasoline VOCs carbon distribution based on direct sampling or fuel analysis observed in

literature (chapter 1). Gas phase compounds with carbon atom above C;3 have been not

detected in gas phase of the reservoir. Possible bias may occur during sampling and during the

reaction process. During exhaust transfer in the reservoir (at room temperature) many aliphatic

compounds are lost by condensation on the tubing lines and reservoir walls. The second is that

PTR-MS has low sensitivity towards aliphatic alkane/alkenes.

Figure 4.28. presents the average mass spectrum of the car emissions organized by

chemical families.
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Figure 4.28. Averaged VOC concentration over mass spectrum distributed by families for GDI Euro 5 vehicle
for first 7 minutes of WLTC cold cycle.

Among the aromatics (green lines) that account for almost 70% of the measured mass

fraction the most abundant are xylene, trimethylbenzene, toluene, benzene and durene.
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Aliphatic and oxygenated compounds represent 18% and 12% of total emitted VOC mass.
Aliphatics are represented by alkanes/alkenes (mostly m/z 43, 57, 71), bicycloalkanes (mostly
m/z 67, 81, 109) and cycloalkanes (mostly m/z 69, 83, 97). The oxygenated compounds present
a large fraction of VOCs with one single oxygen (99%), being ethanol, acetaldehyde, methanol

and acetone the main species.

4.7.2. SOA formation from VOC photoxidation

The Figure 4.29. presents the time series of the condensable fraction of the aerosol
during the photoxidation experiment measured by the c-ToF-AMS. The particles were composed
by organics, nitrate and small traces of sulfates and PAHs. The organic fraction (green)
represents the ensemble of the POA and the SOA fraction. In two periods of the experiment,
the AMS measured before the AFT, allowing to determine the POA mass loading. By subtracting
the POA from (POA+SOA) mass, the SOA fraction can be evaluated. These two periods
correspond to 11:52-12:00 and 12:49-12:55 AMS time and are shown in the figure 4.27. in pale
yellow. The SOA formation is therefore 3.4 pg/m? in the first part of the experiment and
1.7ug/m’ at the end, respectively, which corresponds to 27% of total OA in first period and 50%
in second period. The SOA/POA ratio is 0.53 for first period and 1 for second period. These
experiments correspond to an initial photoxidation process and cannot be directly compared to
chamber studies where SOA/POA ratios are much higher. Secondary nitrates are also formed
through photoxidation (=0.9 and 0.3 pg/m? for first and second period, respectively). Sulfate

arises from the car emissions.
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Figure 4.29. Organic, nitrate, sulfate and PAHs time series profiles for AFT photoxidation of GDI emissions.
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4.7.3. Gas and particle phase carbon distribution

The analysis of the gas phase was very complicated by the myriad of organic compounds
found in the exhaust. Figure 4.30. shows the carbon distribution of the GDI exhaust reaction

products in the gas phase as a function of oxygen (a) and nitrogen (b) number.
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Figure 4.30. Gas phase carbon number distribution as a function of oxygen (a) and nitrogen (b) for GDI
exhaust photoxidation.

The carbon number distribution of the gas phase product is very broad and ranges from
C; to Cy3 compounds. The mass fraction of the gas phase products is dominated by C,.C5 (75-
80%) molecules due to high concentration of small oxygenated compounds and fragments of
aliphatic compounds, followed by the C; and C4-Cy compounds. The number of the oxygen
atoms in the degradation products range from zero (which are just aliphatic fragments of a
reaction product) to five oxygen (in a C, compound). One and two oxygen atoms are dominant
in the C4-C; reaction products, while three and four oxygen are dominant in the Cs-Cy reaction
products. The nitrogen containing compounds represent a small fraction of total products
(1.48%), even at high NOx regime. However, this fraction is highly underestimated due to

fragmentation of these compounds in the PTRMS.

Figure 4.31. shows the carbon distribution of the GDI exhaust reaction products in the
particle phase as a function of oxygen (a) and nitrogen (b) number. The particle phase has a
quite different chemical composition with respect the gas phase. The carbon number

distribution of the particle phase products is very broad and ranges from C; to C49 compounds.
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Figure 4.31. Particle phase carbon number distribution as a function of oxygen (a) and nitrogen (b) for GDI
exhaust photoxidation.

The particle phase carbon distribution is dominated by the C;.C; compounds (51%) which
are most likely fragments of larger molecules. The oxygen distribution does not follow a clear
trend. Highly oxygenated products are observed for compounds with more than three C atoms.
The C3-C4o product distribution is characterized by compounds with three or four oxygen atoms,
from Cq; to Cy9 the particle phase products are characterized by less oxygenated compounds

with the exception of the Cs5 and C47 compounds.

The particle phase is also characterized by the presence of some nitro-compounds.
Since the aromatic nitro compounds can be detected by our PTR-MS, a list of these products is
represented in Table 4.6. for both the gas and the particle phase. The most abundant
compounds are the nitroxylene, nitrotoluene, nitrotrimethylbenzene). A detailed chemical
composition analysis of the gas and particle phase was not possible in the case of this complex
mixture of precursors and reaction products. More analytical work is needed to achieve this

difficult task of identification and quantification of the major reaction products.
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Table 4.6. Nitro-products found in gas and particle phase of GDI exhaust photoxidation.

Protonated m/z Formula co;(:)SSLt?'\l: s) Z’hi‘:: i sﬁ;tsigle

1 Nitroxylene CgHoNO, 152.07 0.33 nd

2 Nitrostyrene CgH,NO, 150.05 0.29 0.21
3 Nitrotoluene C;H;NO, 138.06 0.24 0.30
4 trimetu;tl[)‘;nzene CoH1NO; 166.08  0.18  0.28
5 Nitrophenylethanol CgHoNO; 168.06 0.12 0.04
6 Nitroindane CoHgNO, 164.07 0.11 nd

7 Hydroxy | CoH/NO, 15405  0.08  0.39
8 nitrophenol C¢HsNO; 140.03 0.06 0.09
9 Nitrobenzene C¢HsNO, 124.03 0.04 nd

10 Nitrophenylpropanol CoH{1{NO; 182.08 0.04 0.25

4.8. Conclusions

Photoxidation experiments of different VOC precursors has been carried out using an

AFT. The study aimed at determining: 1) the influence of atmospheric key parameters on SOA

formation (as temperature, VOC concentration, seeds); 2) the identification and quantification

of the major gas phase degradation products; 3) the identification and quantification of the

major particle phase degradation products using the new developed tool for online

characterization of submicron particles, CHARON. Few additional experiments were carried on

the photoxidation of a Euro 5 GDI vehicle exhaust.

The main conclusions of this work on SOA formation are presented below:

the investigation of the model compounds allowed the determination of quantitative
relationships between the SOA yield and SOA concentration with respect to the temperature
in the range 21-7°C, the initial VOC and hydroxyl radical concentration and the presence of
pre-existing particle seeds. Highest SOA yield have been measured for aromatic compounds
(24 % for naphthalene and 16 % for toluene) at low temperature and low VOC
concentrations. The temperature was clearly a sensitive parameter: changing from 21 to
7°C induced a SOA increase of a factor 2 for SOA derived from naphthalene, nonane and
cyclohexane; and up to a factor 4 for toluene generated SOA. These differences were
explained in terms of the volatility of the reaction products formed during photoxidation
process. The initial VOC concentration is another important parameter and tends positively
to affect the final SOA concentration. The presence of preexisting particles tends to favor
SOA formation, especially for aromatic compounds. While NOx concentration negatively
affects SOA formation for all tested VOCs.
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the SOA photoxidation study of individual VOC and their mixture present for the first time
results from the newly developed CHARON-inlet coupled to HR-PTR-MS for on-line analysis of
organic aerosol. In the framework of this PhD thesis, we demonstrated that the instrument
is an efficient tool able to chemically characterize a high fraction of the formed SOA. For
the toluene experiments a more complete products analysis was achieved and a paper is
now in preparation. For the other VOCs, more analytical work is clearly needed.
Nevertheless, the CHARON inlet was able to identify a considerable fraction of the particle
phase mass (much more that what is normally feasible using collection on filters followed by
extraction and traditional chemical analysis). Table 4.7. summarizes the consumed VOC
fraction, SOA yield, identified gas phase fraction and fraction of speciated mass using
CHARON. For all the investigated systems, it was possible to determine the products raw
formula both in the gas and the particle phase. As a result, a partition coefficient was
calculated for each mass at a given temperature. The determination of partitioning
coefficients allow us to have a better view on the aerosol properties and is an important
step forwards in order to fully understand the formation and evolution of SOA under

atmospheric conditions.

Table 4. 7. Maximun and minimum consumed VOC fraction (%) and identified product fractions (%) in gas and

particle phase for tested VOCs at different temperatures.

SOA Yield Total identified

Consumed VOC  (%( pg/m®) / mass in gas Fraction of

speciated mass in
CHARON (%)**

(% ppbC/ppbC)  (pg/m’))*,  phase (% ppbC/
*%

ppbC)*
Toluene 21°C 43 - 62 1-4 21 - 51
Toluene 12°C 47.- 57 2-11 26 - 59 86 - 92
Toluene 7°C 46 -57 4-19 25 - 45
Naphthalene 21°C 86 - 91 5 50 - 61
Naphthalene 12° C 76 8 83 97-99
Naphthalene 7°C 80 - 84 9-24 36 -77
Nonane 21°C 76 1 10
88-90
Nonane 7°C 76 1-2 16
Cyclohexane 21° C 25 1-3
95- 96
Cyclohexane 7°C 25 1-4 71 -98

* respect to VOC consumption; ** calculated using AMS SOA mass in pg/m3; *** respect to total

measured mass in CHARON in pg/m?3.
During the photoxidation of aromatic compounds nitrotoluene, nitrocresol, nitronaphthol,
nitronaphthalene, nitrophenol or nitrochatechol have been identified both the gas and the
particle phase. These compounds are well known to be more harmful than the parent

aromatic compound.
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Chapter V

This chapter summarizes the main conclusions from the two research axis investigate in
the framework of my PhD thesis: the evaluation of modern diesel and gasoline DI vehicle

emissions and the SOA formation from traffic related VOCs.

Transport sector is, nowadays, fundamental to the economic development of a country
and also allows a better communication between people, favoring their quality of life.
However, transport plays a key role in climate change and air pollution. This contribution is
expected to increase since demand for urban mobility as well as vehicle number in cities is
increasing among Europe and other countries. Transport accounts for a third of energy
consumption in the EU members and around a fifth of the total greenhouse gases emitted.
Thus, road transport is considered as one of the main contributor to global warming and air
pollution. Among all pollutants in the urban environments, particulate matter (PM),
particularly the fine and ultrafine PM (below 10 and 2.5pm, respectively) present potential

toxicity.

The reduction of emissions from road transport is clearly one of the priorities for
governments that progressively introduced more restrictive regulations for vehicle emissions.
Car manufacturers have responded by introducing a series of in-engine modifications and
exhaust after treatment technologies, e.g. the Diesel Particulate Filter (DPF) or Selective
Catalytic Reduction (SCR) of NOx and NOx trap devices. However, modern cars are still poorly

characterized.

A first objective of this research work was to assess the emissions from modern (Euro 5
and Euro 6) vehicles. The regulated and un-regulated emissions from six vehicles (3 diesel and
3 gasoline DI) have been evaluated during Artemis and WLTC cycles. An original set of
analytical instruments has been deployed to allow a comprehensive study of the emitted PM
and the identification of YOCs. Main outputs suggest that: (1) sampling at tailpipe resulted to
be a more a suitable approach for PN measurements than the CVS dilution system. Cold dilution
in the CVS induced nucleation and condensation phenomena of the semi-volatile compounds
present in the exhaust. (2) PMP protocol is based on PN measurements with 23 nm cut-off.
However, particles in the 14-23 nm range can account for approximately 20-30% of total PN for
GDI and around 10-15% for diesel cars. By downsizing particle counters cut-off threshold to 14
nm, an improvement of PN quantification would be achieved for tested cycles. (3) As general
trends, gasoline DI vehicles showed highest EFs of PM (organics, PAHs and BC) mostly during
cold start cycles. (4) In diesel vehicles, ammonium bisulfate was mainly emitted during passive
regeneration of the DPF during high speed cycles (WLTC and mainly Motorway). Such process
leads to high emission of particles in the ultrafine mode.TEM analysis of the collected particles
indicated two types of particles: soot in form of fractal material or agglomerates and a second

type of particles mostly liquid droplets likely coming from lubricants oils.
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EFs of regulated pollutants have been firstly reported here for two Euro 5 vehicles
(GDI3 and D3) during WLTC cycle and compared together with EFs reported by IFSTTAR
vehicles. The GDI3 and D3 vehicles do not exceed standard limits for CO and HC. NOx
concentrations, however, often exceeds limitation value for both vehicles. The GDI3 vehicle
presents the highest NOx EFs, probably due to a failure of the reduction catalyst. Analysis of
emitted compounds as a function of cycle speed suggests that CO, and NOx emissions depend
mainly of speed profile of the cycle (acceleration and brakes) while CO or THC are mainly

emitted during cold start periods of cycle.

In the line of improve air quality by reducing vehicle emissions, the EU commission
progressively introduced stringent regulations which comprise lower emission limits. Study of
non regulated gaseous pollutants was another important axis during vehicle characterization
emission experiments at IFSTTAR. Thus, species as benzene or ammonia have been measured
by PTRMS for Euro 5 diesel and gasoline vehicles. In general, benzene is emitted during first
part of cycle, corresponding to light-off catalyst period. Benzene is emitted in around the same
concentrations for tested GDI and diesel vehicles. Results are consistent with those reported by
GC-MS analysis. Ammonia is emitted during the last part of the WLTC for GDI vehicle,
corresponding to high speed regime. Reported emissions are somewhere lower that those found
in literature. NH; is emitted in very low concentration for diesel vehicle, which is in agreement
with previous literature, where ammonia emissions had only been reported for diesel vehicles

equipped with SCR NOx abatement technology.

Gas phase sampling on TENAX Cartridges and further thermal desorption followed by
chromatography analysis by ATD-GC-MS methodology has been carried out to characterize VOCs
emissions. The emissions of VOCs have been classified in five families: BTEX, others aromatics,
oxygenated compounds, cyclic aliphatics and linear/branched aliphatics. For gasoline DI vehicle
BTEX and linear/branched aliphatic were the most abundant compounds with EFs in the range
10°-10* pg/km. While for diesel vehicles cyclic aliphatic and oxygenated compounds were the
most abundant with EFs up to 10* ug/km. Among the BTEX, xylene and benzene are the
dominant compounds for gasoline and diesel vehicles, respectively. Gasoline aliphatic
distribution is centered on C4-C; compounds, with negligible emissions beyond C4,. While diesel
emissions presents a carbon distribution centered on Cy-C;g compounds with non negligible
concentrations up to Cq¢ compounds. Higher carbon number products (up to C,0) have been
detected for diesel emissions. VOCs analysis suggests diesel vehicle is an important source of

IVOCs, which are considered as good SOA precursors.

Contrary to what was thought a couple of decades ago secondary particles formed in
the atmosphere through physical and chemical processes dominated the fine fraction of the
aerosol in urban and polluted environments. While the conceptual picture appears to be

reasonably well established, the most efficient SOA precursors in modern vehicular exhaust and
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the main atmospheric photochemical pathways for SOA formation are still under debate.
Research efforts are currently focusing on SOA formation in urban environments where
population and traffic densities are highest and where poor air quality and detrimental health

effects are evident.

Thus, in order to establish the contribution of SOA from primary car emission, detailed
investigation of individual/family precursors is vital. The AFT experiments intended to mimic
the photo-oxidation of car exhaust in a controlled and simplified system. Experiments were
conducted in the laboratory and the strategy adopted consisted in the selection of few key
compounds found in the car exhaust. The compounds were chosen on the basis of the measured
VOCs emitted by diesel and gasoline vehicles from our own studies (chapter Ill) and from
published literature. Five compounds have been selected for the laboratory investigations
(toluene, nonane, cyclohexane and naphthalene). The aim of this work was to determine SOA
yield, chemical composition of both gas and particle phase, key parameters controlling SOA
formation (as temperature, type and quantity of VOC, pre-existing seed particles). Experiments
were then repeated using a mixture of the selected VOCs. The new developed Chemical
Analysis of aerosol on-line (CHARON) inlet coupled to PTRMS was deployed for the speciation of
the organics in the particle phase. Few and preliminary photoxidation experiments of car
exhaust (GDI vehicle) were performed using an aerosol flow tube to determine major SOA

constituents and SOA potential formation.

These investigations allowed the determination of quantitative relationships between
the SOA yield and SOA concentration with respect to the temperature in the range 21-7°C, the
initial VOC and hydroxyl radical concentration and the presence of pre-existing particle seeds.
Highest SOA yield have been measured for aromatic compounds (24 % for naphthalene and 16 %
for toluene) at low temperature and low VOC concentrations. The temperature was clearly a
sensitive parameter: a decrease from 21 to 7°C induced a SOA increase of a factor 2 for SOA
derived from naphthalene, nonane and cyclohexane and up to a factor 4 for toluene generated
SOA. These differences were explained in term of the volatility of the reaction products formed
during photoxidation process. The initial VOC concentration is another important parameter
and tend positively affect the final SOA concentration. The presence of preexisting particles
tends to favor SOA formation, especially for aromatic compounds. While NOx concentration

negatively affects SOA formation for all tested VOCs.

In the framework of this experimental work we deployed for the first time the newly
developed the Chemical Analysis of Aerosol Online” (CHARON) coupled to the PTRMS. This
system enables to sample and analyze submicron particle matter in-situ and with real time
resolution. The SOA photoxidation experiments suggest that the instrument is able to
chemically characterize a high fraction of the formed SOA. This result is in itself quite

promising since traditional off-line methods as filters collection followed by extraction and
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chemical analysis often can identify and quantify no more than 30-40% of the organic mass. For
some VOCs degradation experiments, as toluene and naphthalene, the chemical analysis of
both the gas and particle phases is quite complete and satisfactory while for nonane and
cyclohexane more analytical work is needed mainly due to high fragmentation of the reaction
products in the PTR-MS. For all the investigated systems during laboratory experiments, it was
possible to determine the products raw formula both in the gas and the particle phase. As a
result, the partition coefficients for all products were calculated. Determination of partitioning
coefficients for each reaction product provides key information on the volatility of individual
compounds, and by extension, on the volatility of the total SOA bulk. This is an important step
forwards in order to fully understand the formation and evolution of SOA under atmospheric

conditions.

Identification and quantification of individual compounds allows also to assess the
potential toxicity of both gas and particle phase reaction products. In the framework of this
work we could measure the formation of potentially toxic and harmful compounds to human
health, as nitrotoluene, nitrocresol, nitronaphthol, nitronaphthalene, nitrophenol or
nitrocatechol. Nitrogen containing products were also detected in the real gasoline exhaust

photoxidation experiments.

A very preliminary set of experiments on photoxidation of Euro 5 gasoline direct
injection was carried out. The test was developed as a first essay for further research projects,
where real vehicles exhaust will be photoxidized using both smog chambers and AFT systems.
Results strengthen the feasibility of CHARON to measure and identify degradation products of

very complex mixtures.
Future perspectives

A comprehensive assessment of the real impact of vehicular emissions should consider
both primary emissions and secondary pollutants formed in the atmosphere via physico-
chemical processes. The rapid development of engine technologies, aftertreatment devices and
new standards requires to keep updated the emission factors database for regulated
compounds. Future studies should focus on Euro éb-c passenger cars and vehicles equipped
with modern aftertreatment devices as NOx trap, SCR and possibly gasoline vehicles equipped
with GPF technology. It would be very useful to extend the database to non-regulated
pollutants as particle condensable fraction (organics, PAHs, nitrate and sulfate), PN
concentration below 23nm, and to gaseous pollutants as reduced nitrogen species as ammonia

or amines which could highly influence the formation of new particle in the atmosphere.

To better assess SOA formation from vehicle exhaust it is mandatory to better quantify

pollutants as IVOCs or SVOCs. These compounds are difficult to quantify correctly because of
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their low volatility and thus, can easily be lost in lines before sampling. The development of a
standard methodology able to accurately quantify IVOCs and SVOCs emission is important for
modelers in order to understand contribution of these pollutants to the SOA budget. Nowadays,
emissions of IVOCs and SVOCs are calculated as fraction of primary pollutants, as POA or VOCs,

what leads to a considerable level of uncertainty in SOA models.

A better comprehension of the main mechanisms leading to SOA formation is also
needed for an accurate estimation of the SOA budget. In this context, it would be useful to
combine smog chamber (longer oxidation times) and aerosol flow tubes (temperature

dependence studies) in order mimic in a more realistic way atmospheric processes.

Identification of toxic degradation products in the gas and the particle phase is vital for
the assessment of car pollutants on human health. Particulate matter (PM) is a complex,
heterogeneous mixture that changes in time and space. It encompasses many different
chemical components and physical characteristics, which are potential contributors to toxicity.
Nowadays there is growing evidence that particles toxicity differs depending on their chemical
composition. Further effort should be therefore devoted in combining detailed PM chemical

analysis and toxicity studies.

Future experiments on SOA derived from real vehicle emissions will be carried out in
the consortium established CaPVeREA project. The research activity will continue therefore the
work started during this PhD thesis and will focus on aging processes of car emissions using

simulation chambers.
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Table Al. 1. Fuel composition for tested vehicles.
Diesel Gasoline

Euro 5 Euro 6b Euro 5 Euro

6b
Density at 15°C (kg/m") 829 835 726 742
Sulfur content (mg/kg) 8.8 8.8 7.4 6.7

Water content (mg/km) 60.0 70.0 - -

Total contamination 12 12 - -

(mg/kg)

Total AH (% m) 23.2 27.3 - -

PAHs (%) 3.0 3.3 - -

BTEX (%) 1.2 - - -

Lead content (mg/L) - - <2.5 <
2.5
Benzene content (% m) - - 0.36 0.44
Ethanol content (% vol) - - 7.5 7.4
ETBE content (% vol) - - 5.1 4.9
Total oxygenated (% vol) - - 12.7 17.6
Oxygen content (% m) - - 3.7 3.6
Aromatic content (% m) - - 19.3 26.2
Olefin content (% vol) - - 15.3 13.8

Saturates content (% vol) - - 52.6 -
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Table All.1. Experiment conditions using for D1 Euro 5 diesel vehicle.

art V3w T arenre
(FPS) (FPS) (FPS)
1 Urban Cold 9 100 16.4 50
2 Urban Cold 9 100 16.4 50
3 Urban Cold 9 1000 22.0 50
4 Urban Cold 9 100 16.4 100
5 Urban Cold 9 1000 22.0 100
6  Motorway Hot 13 8 1.5 50
7  Motorway Hot 13 8 1.5 50
8 Motorway Hot 13 12 1.9 50
9  Motorway Hot 13 12 1.9 50
10 Motorway Hot 13 16 2.6 50
11 Motorway Hot 13 16 2.6 50
12 Motorway Hot 13 30 4.5 50
13 Motorway Hot 13 30 4.5 50
14 Motorway Hot 13 30 4.5 50
15 Motorway Hot 13 30 4.5 50
16 Motorway Hot 13 56 6.8 50
17 Motorway Hot 13 56 6.8 50
18 Motorway Hot 13 100 16.4 50
19 Motorway Hot 13 100 16.4 50
20 Motorway Hot 13 1000 22.0 50
21 Motorway Hot 13 1000 22.0 50

Table All.2. Experiment conditions using for D3 Euro 5 diesel vehicle.

Cycle ?an /Ir:r:?r:; D:::;g " PJil{:tai;y Terlz\];l;t;:tr:.l re
(FPS) (FPS) (FPS)
1 WLTC Cold 13 15 2.8 130
2 WLTC Hot 13 15 2.8 130
3 WLTC Hot 13 15 2.8 130
4 WLTC Cold 13 15 2.8 120
5 WLTC Hot 13 7 1.2 120
6 WLTC Hot 13 10 1.8 120
7 WLTC Cold 13 46 9.7 120
8 WLTC Hot 13 10 1.8 120
9 WLTC cold 13 46 9.7 120
10 WLTC Hot 13 46 9.7 120
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Annexes

1 WLTC Cold 13 10 1.8 50
2 WLTC hot 13 10 1.8 50
3 WLTC Cold 13 36 5.0 50
4 WLTC hot 13 36 5.0 50
5 WLTC Cold 13 10 1.8 50
6 WLTC Cold 13 10 1.8 50
7 Urban Cold 9 20 3.0 50
8 Urban semi cold 9 10 1.8 50
9 Urban Cold 9 85 13.0 36
10 Urban hot 9 85 13.0 36
11 Urban hot 9 85 13.0 36
12 Urban semi cold 9 85 13.0 36
13 Urban hot 9 85 13.0 36
14 Urban hot 9 85 13.0 36
15 Urban Cold 9 10 1.8 50
16 Urban Cold 9 10 1.8 50
17 Urban hot 9 10 1.8 50
18 Urban hot 9 10 1.8 50
19 Urban semi cold 9 10 1.8 50
20 Urban hot 9 10 1.8 50
21 Urban hot 9 10 1.8 50
22 Road hot 9 50 6.7 30
23 Road hot 9 50 6.7 30
24 Road hot 9 50 6.7 30
25 Road hot 9 30 4.5 50
26 Road hot 9 30 4.5 50
27 Road hot 9 30 4.5 50
28 Motorway hot 13 10 1.8 50
29 Motorway hot 13 10 1.8 50
30 Motorway hot 13 10 1.8 50
31 Motorway hot 13 18 2.9 50
32 Motorway hot 13 18 2.9 50
33 Motorway hot 13 18 2.9 50
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Table All.4. Experiment conditions using for GDI1 Euro 5 gasoline vehicle.

cvsrion Pte” e Temperaure

(FPS) (FPS) (FPS)
1 Urban Cold 9 100 16.4 50
2 Urban Cold 9 1000 22.0 50
3 Urban Cold 9 100 16.4 100
4 Urban Cold 9 1000 22.0 100
5 Urban Cold 9 100 16.4 150
6 Urban Cold 9 1000 22.0 150
7  Motorway Hot 13 30 4.5 50
8 Motorway Hot 13 30 4.5 50
9  Motorway Hot 13 30 4.5 50
10 Motorway Hot 13 100 16.4 50
11 Motorway Hot 13 100 16.4 50
12 Motorway Hot 13 400 5.5 50
13 Motorway Hot 13 400 5.5 50
14 Motorway Hot 13 400 5.5 50
15 Motorway Hot 13 1000 22.0 50
16 Motorway Hot 13 1000 22.0 50
17 Motorway Hot 13 1000 22.0 50

Table All.5. Experiment conditions using for GDI3 Euro 5 gasoline vehicle.

start SYSFOW Cpio”  Giucion  Temperaure
(FPS) (FPS) (FPS)
1 WLTC Cold 13 20 3.0 90
2 WLTC Hot 13 46 9.7 90
3 WLTC Hot 13 46 9.7 90
4  WLTC Cold 13 46 9.7 90
5 WLTC Hot 13 10 1.8 90
6 WLTC Hot 13 10 1.8 90
7 WLTC Cold 13 46 9.7 90
8 WLTC Hot 13 46 9.7 90
9 WLTC Hot 13 10 1.8 90
10 WLTC Cold 13 46 9.7 90
11 WLTC Hot 13 10 1.8 75
12 WLTC Cold 13 46 9.7 75
13  WLTC Cold 13 46 9.7 90
14 WLTC Hot 13 10 1.8 80
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Table All.6. Experiment conditions using for GDI2 Euro 6b gasoline vehicle.

e CU3Ton PRt Y rempnonre
(FPS) (FPS) (FPS)

1 WLTC Cold 13 30 5.0 36
2 WLTC hot 13 30 5.0 36
3 WLTC Cold 13 20 3.0 50
4 WLTC hot 13 20 3.0 50
5 WLTC Cold 13 20 3.0 50
6 WLTC Cold 13 40 5.7 36
7 Urban Cold 9 10 1.8 150
8 Urban hot 9 10 1.8 150
9 Urban hot 9 10 1.8 150
10 Urban semi cold 9 10 1.8 50
11 Urban hot 9 10 1.8 150
12 Urban hot 9 10 1.8 150
13 Urban Cold 9 10 1.8 150
14 Urban hot 9 10 1.8 150
15 Urban hot 9 10 1.8 150
16 Urban semi cold 9 10 1.8 150
17 Urban hot 9 10 1.8 150
18 Urban hot 9 10 1.8 150
19 Urban Cold 9 50 6.7 36
20 Road hot 9 100 17.0 150
21 Road hot 9 100 17.0 150
22 Road hot 9 100 17.0 150
23 Road hot 9 10 1.8 150
24 Road hot 9 10 1.8 150
25 Road hot 9 10 1.8 150
26 Road hot 9 36 5.0 36
27 Road hot 9 36 5.0 36
28 Road hot 9 36 5.0 36
29 Motorway hot 13 13 1.7 36
30 Motorway hot 13 13 1.7 36
31 Motorway hot 13 13 1.7 36
32 Motorway hot 13 20 3.0 50
33 Motorway hot 13 20 3.0 50
34 Motorway hot 13 10 1.8 50
35 Motorway hot 13 20 3.0 50
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Table Alll.1. Experimental conditions for toluene experiments.

T  VOC, VOCag RH NOx ASSeed > VOC/NOX
(°C) (ppbv) (ppbv) (%) (ppb) (ug/m’) Z€  (molec/cm®)  (ppbC/ppbv)
1 21 112 482 30 542 6.0 150  1.17x10° 4.45
2 21 23 1.3 30 566 7.5 150  1.04x10° 3.28
3 21 23 120 30 570 8.0 150  9.46x10” 3.28
4 21 112 59.4 30 204 7.0 150  9.32x10” 6.84
5 21 112 58.2 24 302 10.0 150  9.40x10’ 5.60
6 21 159 89.0 39 481 2.4 113 8.03x10” 5.31
7 21 159 84.2 33 494 5.5 113 8.79x10” 5.25
8 21 124 70.4 38 470 6.1 113 9.07x10” 4.84
9 21 161 69.2 41 436 3.5 113 9.18x10” 5.58
10 21 161 67.6 41 426 6.5 113 9.49x10° 5.64
11 21 84 31.8 35 424 5.0 113 1.23x10° 4.38
12 21 127 53.4 43 801 5.5 113 1.04x10° 4.11
13 16 128 56.3 37 746 5.0 113 1.18x10° 4.20
14 16 128 61.4 37 746 8.0 113 1.07x10° 4.20
15 12 66 31.5 30 551 10.0 150  1.08x10° 3.83
16 12 112 67.9 24 225 7.0 150  8.13x10” 6.48
17 12 112 59.4 24 189 8.0 150  9.12x10” 7.15
18 12 32 4.3 24 200 8.0 150  1.22x10° 3.16
19 12 8 3.4 24 200 8.0 150  1.22x10° 3.28
20 12 112 52.6 24 346 10.0 150  1.09x10° 5.27
21 12 112 60.5 50 322 8.0 150  9.07x10” 5.43
22 12 66 35.0 50 329 8.0 150  9.22x10” 4.40
23 12 80 344 28 409 8.5 113 1.04x10° 4.37
24 12 132 60.7 36 442 6.7 113 1.17x10° 5.09
25 12 125 53.7 33 736 5.0 113 1.36x10° 4.19
26 7 66 36.3 24 376 10 150  8.81x10” 4.23
27 7 112 61.6 24 361 10 150  8.69x10” 5.17
28 7 62 272 32 446 8.0 113 9.83x10” 3.97
29 7 128 629 31 423 8.1 113 7.35x107 5.12
30 7 44 200 41 760 6.0 131 8.45x10" 3.58
31 7 8 4.4 24 361 8.0 131 1.074x10° 4.20
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Table Alll.2. Experimental conditions for nonane experiments.

ne T VOG, VOCmq RH NOx ASSeed (o° _ VOC/NOx
(°C) (ppbv) (ppbv) (%) (ppb)  (ng/m’) am) (molec/cm?)  (ppbC/ppbv)
1 21 193 47 35 427 NO NO 1.69x10° 7.1
2 21 193 47 43 499 8.5 113 1.69x10° 6.5
3 12 193 47 33 430 NO NO 1.69x10° 7.0
4 7 193 47 29 459 NO NO 1.69x10° 6.8
5 7 193 47 25 480 7.5 113 1.69x10° 6.6
6 7 73 26 40 760 13.0 113 1.46x10° 3.9
7 7 73 26 39 760 8.7 113 1.46x10° 3.9

Table Alll.3. Experimental conditions for cyclohexane experiments.

AS Seed

T VOC,  VOCeq RH  NOX Seod  vise 'OH  VOC/NOx
(°C) (ppbv) (ppbv) (%)  (pPb) (g/m®)  (nm) (molec/cm’)  (ppbC/ppbv)

1 21 50 32 44 533 NO NO  1.96w10° 3.6

2 21 50 32 42 505 6.5 113 1.96w10° 3.6

3 21 50 32 41 508 5 113 1.96x10° 3.6

4 21 25 10 35 508 6 113 1.96x10° 3.3

5 21 25 10 35 508 6 113 1.96x10° 3.3

6 7 50 30 30 519 NO NO  1.96x10° 3.6

7 7 50 28 32 325 103 117 1.96x10° 3.9

8 7 60 42 42 497 3 113 7.62x10" 3.7

9 7 60 42 42 547* 3.5 113 7.62x10 3.2

* Injection of 75 ppb of NOx.

Table Alll.4. Experimental conditions for naphthalene experiments.

T VOC, VOC., RH Nox AS ~ Seed "OH VOC/NOX

(::/?1-(113) (Sr:f:) (molec/cm®)  (ppbC/ppbv)

(°C) (ppbv) (ppbv) (%) (pPb)

1 21 25 23 55 689 9.0 113 1.57x10° 3.4
2 21 25 3.5 53 870 9.5 113 1.30x10° 2.6
3 12 17 40 35 745  10.0 131 9.53x10’ 2.4
4 7 18 3.0 41 571 5.2 131 1.22x10° 3.3
5 7 17 3.4 37 726 9.3 131 1.06x10° 2.4
6 7 3 0.7 40 760 7.5 117 9.59x10’ 3.0
7 7 3 0.7 40 760 85 117  9.59x10” 3.0

* Injection of 200 ppb of NOx.
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Table Alll.5. Experimental conditions for naphthalene experiments.

T  VOC, VOCe. s;:: "OH VOC/NOx
(°C) (ppbv)  (ppbv) [ (molec/cm®)  (ppbC/ppbv)
1 16 58 7 2 805 75 126 9.71x10 2.7
2 12 102 13 35 7700 7.0 126 9.46x10 3.0
3 7 102 15 40 750 7.5 126 8.80x10’ 3.0

* Injection of 200 ppb of NOx.

Table Alll.6. Experimental conditions for naphthalene experiments.

VOC T VOCy, VOCcng Seed Seed size ‘OH VOC/NOx
(°C) ppb  ppb pg/m? (nm) molec/cm® ppbC/ppb
N 230 157 . 7
1 T 16 124 81 50 484 12.0 146 7.50X10 7.6
N 230 157 " 7
2 T 16 76 63 50 480 12.0 146 7.50X10 7.6
N 230 157 . 7
3 T 16 76 63 44 480 9.5 146 7.50X10 7.0
N 230 143 . 7
4 T 12 57 50 42 522 11.0 146 6.73X10 6.5
N 230 198 . 7
5 T 7 57 44 37 461 9.5 146 6.73X10 6.9
N 230 198 7
6 T 7 57 40 37 255 9.5 146 6.73X10 12.5
C 60 42 .
7 N 7 38 11 36 548* 10.0 113 7.62X10 6.0
T 166 114
C 60 42 7
8 N 7 38 11 34 481 11.7 113 7.62X10 6.8
T 166 109
P 4 3
9 T 16 4 30 50 760 7.0 113 5.93X10" 3.4
Naph 3 1
P 6 3
10 T 12 40 31 38 745 7.0 131 5.93%10” 2.6
Naph 2 1
P 4 3 ;
"M T 7 4 30 38 950* 8.5 131 5.93X10 2.7
Naph 3 1
P 4 3 ,
12 T 7 4 30 38 775 85 131 5.93X10 3.4
Naph 3 1
P 4 3 7
13 T 7 42 30 35 760 8.0 113 5.93X10 3.4
Naph 3 1
N 230 126 7
14 T 7 57 46 35 478 9.5 131 6.73X10 5.1
Naph 12 8
N 73 26
T 42 30 8
15 Naph 7 3 1 42 760 8.7 113 1.46X10 4.3
P 4 3

* Injection of 200 ppb of NOx, ** Injection of 75 ppb of NOx. N=nonane, T=Toluene, C=cyclohexane, Naph=
Naphthalene, P= Phenol
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Figure AIV.1. m/z for first minute of Artemis urban cold start cycle for D1 diesel Euro 5 vehicle.
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Table AV.1. Gas and particle phase main products (concentration of product/concentration total product
(ppbC/ppbC)) found in toluene photoxidation for experiments at 21°C.

% gas % particle

n° Possible compound(s) Formula Protonated m/z
phase phase
1 Methylglyoxal C3H40,/C,H,0 73.028/45.033 15.3 5.9
2 Maleic anhydride CaHi0:/Cats0, 22010/ hvdrateat =443 0.7
Acetic 9.6 5.6
3 acid/Hydroxyacetaldehyde C2H0; 61.028
4 Formic acid CH,0, 47.013 10.8 3.2
5 Nltrocrgsols (structural C,HNO; 154.05 5.2 0.5
isomers)
6 Benzaldehyde C,H¢O 107.05 5.1 n.d
7 Nitrotoluene C,H;NO, 138.06 5.5 n.d
8 Cresols (all isomers) C,HgO 109.06 3.5 n.d
9 Benzoic acid* C;Hs0, /C;H40 123.04 /105.04 2.6 1.0
10 4-oxo-2-pentenal* CsHe0,/CsH40 99.046/81.035 3.7 2.5
11 methyl furandione* CsH,0; 113.02 1.5 1.9
12 2-butenedial C4H40, 85.031 2.1 1.6
13 Nitrophenol C¢HsNO3 140.04 1.0 0.7
2-hydroxy-1,3- 1.4 4.1
14 propanedial* C;3H403/C3H,0, 89.026/71.016
15  4-Oxo-2-pentenoic acid*  CsH¢03/CsH40, 115.04/97.032 1.2 3.6
16  4-oxo-2-butenoic-acid* C4H40;3 /C4H,0, 101.03/83.012 1.6 2.6
2-0x0-3- 0.9 1.9
17 hydroxybutanedial* C4H404 117.02
18 Butan-1,4-dial* C4Hqs0, 87.046 0.9 1.1
6-hydroxy-2-methyl, 1,4,5 0.3
19 trioxo-2 cyclohexene* CHeO4 135.03 4.6
methyl-oxo-pentenoic 129.06/ part of 0.5 1.8
20 acid® CeM503/CeHe0; 111.04
B . * 103.04/ possible 0.3 1.8
21 2-hydroxy-3-oxobutanal C4Hs03 /C4HLO, contribution 85.031
22 5-Methylfurfural® CeHe0, 111.04 0.4 1.7
23 5-Hydroxymethylfurfural*  C¢HeO3/CeH40, 127.04/109.03 0.3 4.6
24 23epoxy, Zmethyl-4- C7H505 141.05 0.2 1.7
hexenedial
25 2-hydroxy-5-me£hyl- C,HeOs 173.04 n.d. 1.1
pentenedial
26 4,5-dioxo-2-hexenoic acid* CeHeO4 143.03 n.d. 3.0
27 5-hydroxy-6,4-djoxo-2- CHs0, 157.05 n.d. 1.5
heptenal
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Table AV.2. Gas and particle phase main products (concentration of product/concentration total product
found (ppbC/ppbC)) found in toluene photoxidation for experiments at 7°C.

heptenal*

n° Possible compound(s) Formula Protonated m/z SRR 5 pevidiels
phase phase
1 Methylglyoxal C5H40,/C,HLO 73.030/45.033 16.0 7.8
2 Maleic anhydride C4H205/C4Hs04 99'0101/ 1 ;ygzrate at 44 0.6
Acetic
3 acid/Hydroxyacetaldehyde CH0; 61.028 12.5 >3
4 Formic acid CH,0, 47.013 12.5 3.2
5 Nltrocrgsols (structural C,H,NO; 154.05 59 0.6
isomers)
107.05/ possible
6 Benzaldehyde C,H,O contribution 105.04 4.3 nd
7 Nitrotoluene CsH,NO, 138.06 3.7 nd
8 Cresols (all isomers) C,HgO 109.06 3.3 nd
9 Benzoic acid* C;H¢0, /C;H40 123.04/105.04 2.3 1.0
10 4-oxo-2-pentenal* CsHg0,/CsHL0 99.046/81.035 2.2 4.4
11 methyl furandione* CsH403 113.02 1.6 2.9
12 2-butenedial C4H,0, 85.031 1.4 2.5
13 Nitrophenol C¢HsNO; 140.04 1.2 0.8
14 2-hydroxy-1,3- C3HA05/C5H,0, 89.026/71.016 0.9 4.5
propanedial
15 4-0xo0-2-pentenoic acid* C5Hy03/C5H,40, 115.04/97.032 0.9 5.5
16 4-0x0-2-butenoic-acid* C4H,0; /C4H,0, 101.03/83.012 0.9 3.4
2-0x0-3-
17 hydroxybutanedial® C4H404 117.02 0.7 2.4
18 Butan-1,4-dial* C4Hs0, 87.05 0.5 1.6
19  6-hydroxy-2-methyl, 1,4,5 CHeOx 155.03 0.4 5.1
trioxo-2 cyclohexene
20 methyl'°:c°i'dee”te"°‘c CeHsOs/CHeO,  129.06/ part of 111.04 0.4 3.1
B 103.04/ possible
21 2-hydroxy-3-oxobutanal C4H¢03 /C4H40, contribution 85.031 0.3 3.1
. 111.04 /possible
22 5-Methylfurfural C¢HeO, contribution 97.028 0.3 2.4
23 5-Hydroxymethylfurfural*  C¢H¢O3/C¢H,0, 127.04/109.03 0.2 6.6
24 23-€poxy, 2-methyl-4- CHsOs 141.05 0.2 2.3
hexenedial
25 Zhydroxy-5-methyl- CHsOs 173.04 n.d. 2.3
pentenedial
26 4,5-dioxo-2-hexenoic acid* C¢HgO4 143.03 n.d. 3.3
27 °hydroxy-6,4-dioxo-2- CHsOs 157.05 n.d. 3.9
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Table AV.3. Gas and particle phase main products (concentration of product/consumed VOC (ppbC/ppbC))
found in toluene photoxidation for experiments at 7°C.

% gas % particle

n° Possible compound(s) Formula Protonated m/z
phase phase
1 Methylglyoxal C3H,0,/C,HL0 73.028/45.033 6.2 0.6
2 Maleic anhydride CH,0,/CHs0, 201 1 1h7yc(‘)rzate at 43 0.1
Acetic 2.6 0.4
3 acid/Hydroxyacetaldehyde CH0; 61.028
4 Formic acid CH,0, 47.013 1.6 0.2
5 Nltrocrgsols (structural C,HNO; 154.05 1.6 0.1
isomers)
6 Benzaldehyde C7H0 107.05 3.3 nd
7 Nitrotoluene C,H,NO, 138.06 1.3 nd
8 Cresols (all isomers) C;Hs0 109.06 1.6 Nd
9 Benzoic acid* C;Hs0, /C;H,0 123.04 /105.04 1.0 0.1
10 4-ox0-2-pentenal* CsHg0,/CsH40 99.046/81.035 1.1 0.3
11 methyl furandione* CsH404 113.02 0.4 0.2
12 2-butenedial C4H40, 85.031 0.5 0.2
13 Nitrophenol CeHsNO; 140.04 0.4 0.1
14 2-hydroxy-1,3- CH.05/CH,0,  89.026/71.016 0.2 0.3
propanedial
15  4-Oxo-2-pentenoic acid*  CsH¢O3/CsH,0, 115.04/97.032 0.3 0.3
16  4-oxo-2-butenoic-acid*  C4H,03/C4H,0; 101.03/83.012 0.2 0.2
2-0x0-3- 0.2 0.1
17 hydroxybutanedial* C4H404 117.02
18 Butan-1,4-dial* C4Hqs0, 87.046 0.1 0.1
19 6-hyFiroxy-2-methyl, 1,?,5 CHeO, 155.03 0.2 0.3
trioxo-2 cyclohexene
methyl-oxo-pentenoic 129.06/ part of 0.1 0.3
20 acid* CoHs03/CoHsO, 111.04
; AL * 103.04/ possible 0.1 0.2
21 2-hydroxy-3-oxobutanal C4Hg03 /C4HLO, contribution 85.031
22 5-Methylfurfural® CeHeO; 111.04 0.1 0.2
23 5-Hydroxymethylfurfural*  C4HeO3/C¢H40; 127.04/109.03 0.1 0.4
24 2,3-epoxy, 2-n_1eEhyl-4- CHeOs 141.05 0.1 0.2
hexenedial
25  Zhydroxy-5-methyl- C/HsOs 173.04 nd 0.2
pentenedial
26  4,5-dioxo-2-hexenoic acid* CeHeO4 143.03 nd 0.2
27 5-hydroxy-6,4-djoxo-2- CHeOs 157.05 nd 0.3
heptenal
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Table AV.4. Gas and particle phase main products (concentration of product/consumed VOC (ppbC/ppbC))
found in toluene photoxidation for experiments at 21°C.

% gas % particle

n° Possible compound(s) Formula Protonated m/z
phase phase
1 Methylglyoxal C3H,40,/CHL0 73.028/45.033 5.4 0.1
2 Maleic anhydride C4H,03/C4Hs04 99.01 11h7yc(i)r2ate at 6.3 <0.1
Acetic 3.5 0.1
3 acid/Hydroxyacetaldehyde CH,O, 61.028
4 Formic acid CH,0, 47.013 2.5 <0.1
5 Nltrocrgsols (structural C,HNO; 154.05 1.7 <0.1
isomers)
6 Benzaldehyde C7H0 107.05 3.7 nd
7 Nitrotoluene C;H,NO, 138.06 3.0 Nd
8 Cresols (all isomers) C;Hs0 109.06 2.4 nd
9 Benzoic acid* C7Hq0, /C;H,0 123.04 /105.04 1.7 <0.1
10 4-ox0-2-pentenal* CsHg0,/CsH40 99.046/81.035 2.0 0.1
11 methyl furandione* CsH,0; 113.02 0.7 <0.1
12 2-butenedial C4H40, 85.031 1.1 <0.1
13 Nitrophenol C¢HsNO; 140.04 0.4 <0.1
14 2-hydroxy-1,3- CHO3/CH0,  89.026/71.016 0.5 0.1
propanedial
15  4-Oxo-2-pentenoic acid*  CsH¢O3/CsH,0, 115.04/97.032 0.9 0.1
16 4-0x0-2-butenoic-acid* C4H,05 /C4H,0, 101.03/83.012 0.7 <0.1
2-0x0-3- 0.4 <0.1
17 hydroxybutanedial* C4H404 117.02
18 Butan-1,4-dial* C4Hqs0, 87.046 0.5 <0.1
19 6-hyFiroxy-2-methyl, 1,?,5 CHeO, 155.03 0.1 0.1
trioxo-2 cyclohexene
methyl-oxo-pentenoic 129.06/ part of 0.3 <0.1
20 acid® CeM503/CeHe0; 111.04
; 2. * 103.04/ possible 1.2 0.1
21 2-hydroxy-3-oxobutanal C4Hg03 /C4HLO, contribution 85.031
22 5-Methylfurfural* C¢HeO, 111.04 0.3 <0.1
23 5-Hydroxymethylfurfural*  C4HeO3/C¢H40; 127.04/109.03 0.2 0.1
24  2,3-epoxy, 2-n_1eEhyl-4- C,Hg0s 141.05 0.1 <0.1
hexenedial
25 2-hydroxy-5-me£hyl- CoHOs 173.04 nd <0.1
pentenedial
26 4,5-dioxo-2-hexenoic acid* CeHeO4 143.03 Nd <0.1
27 5-hydroxy-6,4-dioxo-2- CHeOs 157.05 nd <0.1

heptenal®
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Figure AV.1. Proposed first generation products and tentative further products for toluene photoxidation

based on experimental analysis and previous literature.
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Table AV.5. Gas and particle phase products (concentration of product/concentration total product formed

(ppbC/ppbC)) found in naphthalene photoxidation for experiments at 7°C.

%

0
n° Possible compound(s) Formula Protonated m/z o R particle
phase
phase
1 Cinnamic acid CoHg0O, 149.06 14.5 0.7
2 Glyoxylic acid C3HeO, 75.044 72 06
or fragment
3 Phthalic anhydride CgH405/CgH,0, 149.02/131.01 6.4 11.2
4 Fragment C,H,0/C;H40, 45.033/63.044 5.5 9.1
1, 4-naphthoqui
5 ”;‘,"3_0)(‘].’;':‘“"6 C10Hs03/C10H40; 175.04/157.03 4.9 5.3
6 Phthalic acid CsHeO4 167.03 3.7 2.3
7 Z'formyl‘;rc‘fc;‘*yl acrylic C1oHg03 177.05 1.6 17.4
8 Naphtoquinone C10He0,/C4oH4O 159.04/141.03 1.3 5.1
9 Coumaric acid* CoHg03/CoH 0, 165.05/147.04 3.4 3.0
Hydroxy phthalic
10 anhydride CgH40,4/CgH,04 165.02/147.01 3.1 3.0
2-
11 formylcinnamaldehyde C10Hg0,/C4oHO 161.06/143.05 2.9 3.9
12  Phthalaldehydic acid * CgH¢O3/CgH,0, 151.04/133.03 2.9 2.6
13 Formic acid CH,0, 47.013 2.4 1.2
14 Phthalaldehyde CgHe0,/CgH,O 135.04/117.03 2.3 2.5
15 2-hydroxy-1,3- C3H405/C5Hy0, 89.023/71.012 22 06
propanedial
16 Hexano-2,5-dione* C¢H100,/C¢HO 115.08/97.064 1.3 0.8
17 2-butenedial C4H,0, 85.028 1.3 0.5
18 Hydroxybenzoic acid* C;H¢03/C¢HeO 139.04/95.049 1.20 0.4
19 4-oxo-pentanal* CsHg0,/CsH(O 101.06/83.049 1.1 1.1
20 Nitrophenol* CeHsNO3/CeH3NO, 140.03/122.02 1.0 0.2
21 Nitronaphtol C1oH7NO; 190.05 nd 2.4
22 Acetic acid* C;H40, 61.028 nd 2.8
23 Diacetylbenzene* C1oH100, 163.08 nd 3.4
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Table AV.6. Gas phase main products (concentration of product/concentration total product (ppbC/ppbC))
found in naphthalene photoxidation for experiments at 21°C.

Possible compound(s) Formula Protonated m/z Z)hiisl:
1 Cinnamic acid CoHs0, 149.06 18.9
2 Ceyicadd
3 Phthalic anhydride CsH405/C5H,0, 149.02/131.01 9.9
4 Fragment C,H40/C,He0; 45.033/63.044 9.4
5 1, 4-naphthoquinone 2,3-oxide  C4oH¢03/C1oH40; 175.04/157.03 0.2
6 Phthalic acid CsHO4 167.03 3.5
7 2-formylphenyl acrylic acid* C1oHs05 177.05 0.3
8 Naphtoquinone C10He02/C1oH40 159.04/141.03 0.3
9 Coumaric acid* CoHg03/CoHgO, 165.05/147.04 0.7
10  Hydroxy phthalic anhydride CgH404/CgH,0, 165.02/147.01 0.6
11 2-formylcinnamaldehyde C1oH502/C1oHeO 161.06/143.05 0.2
12 Phthalaldehydic acid * CsHg03/CsH40; 151.04/133.03 0.7
13 Formic acid CH,0, 47.013 1.6
14 Phthalaldehyde CsHe0,/CgHA0 135.04/117.03 3.9
15  2-hydroxy-1,3-propanedial* C3H405/C5H,0, 89.023/71.012 1.4
16 Hexano-2,5-dione* CéH1002/CeHsO 115.08/97.064 0.8
17 2-butenedial C4H.0, 85.028 0.8
18 Hydroxybenzoic acid* C7He03/C4HeO 139.04/95.049 0.4
19 4-oxo-pentanal* CsHs0,/CsHeO 101.06/83.049 0.4
20 Nitrophenol* CeHsNO3/CgH3NO, 140.03/122.02 1.0
21 Nitronaphtol C1oH7NO; 190.05 1.0
22 Acetic acid* C;H.0, 61.028 Nd
23 Diacetylbenzene* C10H100, 163.08 Nd
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Table AV.7. Gas phase main products (concentration of product/consumed VOC (ppbC/ppbC)) found in
naphthalene photoxidation for experiments at 7°C.

% gas % particle

Possible compound(s) Formula Protonated m/z phase reee
1 Cinnamic acid CoHs0, 149.06 11.1 0.1
2 G;‘;‘;’:Zg;gﬁ‘td C3HeO 75.044 5.5 0.1
3 Phthalic anhydride CsH403/CsH,0, 149.02/131.01 5.0 2.3
4 Fragment C,H40/C,H0, 45.033/63.044 4.3 1.8
5 1, 4-naphthoquinone 2,3-oxide  CoHO3/C1oHs0, 175.04/157.03 3.7 1.0
6 Phthalic acid CsHsO4 167.03 2.8 0.4
7 2-formylphenyl acrylic acid* C1oH30; 177.05 1.2 3.2
8 Naphtoquinone C10He02/C1oH40 159.04/141.03 1.0 1.0
9 Coumaric acid* CoHg03/CoH 0, 165.05/147.04 2.6 0.5
10 Hydroxy phthalic anhydride CgH404/CgH,03 165.02/147.01 2.3 0.5
11 2-formylcinnamaldehyde C10Hg0,/C4oHsO 161.06/143.05 2.2 0.8
12 Phthalaldehydic acid * CsHe03/CsH,0, 151.04/133.03 2.2 0.5
13 Formic acid CH,0, 47.013 1.8 0.2
14 Phthalaldehyde CsHe02/C5H,0 135.04/117.03 0.9 0.2
15 2-hydroxy-1,3-propanedial* C3H405/C3H,0, 89.023/71.012 1.7 0.1
16 Hexano-2,5-dione* CeH100,/C4H30 115.08/97.064 1.0 0.2
17 2-butenedial C4H.0, 85.028 1.0 0.1
18 Hydroxybenzoic acid* C;Hg05/C¢HO 139.04/95.049 0.9 0.1
19 4-oxo-pentanal* CsHgO,/CsHO 101.06/83.049 0.8 0.2
20 Nitrophenol* C¢HsNO3/C4H3NO, 140.03/122.02 0.8 <0.1
21 Nitronaphtol C1oH7NO; 190.05 <0.1 0.5
22 Acetic acid* C,H,0, 61.028 nd 0.6
23 Diacetylbenzene* C1oH100; 163.08 nd 0.7
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Table AV.8. Gas phase main products (concentration of product/consumed VOC (ppbC/ppbC)) found in

naphthalene photoxidation for experiments at 21°C.

n° Possible compound(s) Formula Protonated m/z Z’hi:
1 Cinnamic acid CoHs0; 149.06 11.5
2 Gg‘;’gg; 2cd C3H0; 75.044 3.5
3 Phthalic anhydride CsH403/CsH,0, 149.02/131.01 6.4
4 Fragment C,H40/C,Hq0, 45.033/63.044 5.7
5 1, 4-naphthoquinone 2,3-oxide  CyoH¢03/C1oH40; 175.04/157.03 0.1
6 Phthalic acid CsHO4 167.03 2.1
7 2-formylphenyl acrylic acid* C1oHs05 177.05 0.2
8 Naphtoquinone C1oHg02/C1oH40 159.04/141.03 0.2
9 Coumaric acid* CoHg03/CoHg0; 165.05/147.04 0.4
10 Hydroxy phthalic anhydride CgH40,4/CgH,04 165.02/147.01 0.4
11 2-formylcinnamaldehyde C1oH502/C1oHeO 161.06/143.05 0.1
12 Phthalaldehydic acid * CsHe03/CgH40, 151.04/133.03 0.4
13 Formic acid CH,0, 47.013 1.0
14 Phthalaldehyde CsHg02/CsH40 135.04/117.03 1.5
15 2-hydroxy-1,3-propanedial* C3H405/C5H,0, 89.023/71.012 0.8
16 Hexano-2,5-dione* CéH1002/CeHsO 115.08/97.064 0.5
17 2-butenedial C4H40, 85.028 0.5
18 Hydroxybenzoic acid* C7He03/C4HeO 139.04/95.049 0.2
19 4-oxo-pentanal* CsHs0,/CsHeO 101.06/83.049 0.3
20 Nitrophenol* C4HsNO3/C¢H3NO, 140.03/122.02 0.6
21 Nitronaphtol C1oHsNO; 190.05 <0.1
22 Acetic acid* C;H.0, 61.028 nd
23 Diacetylbenzene* C10H100; 163.08 nd
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Figure AV.2. Experimental K, values of m/z’s, where a unique compound or a set of isomers compounds were
assigned. The error bars correspond to the one standard deviation of the average.
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Figure AV.3. Simplified naphthalene degradation mechanism, adapted from Kautzman et al.2010.

205



Annexes

@iw-@iﬁdr
<hgt!

H I:I . H o
— QO
Figure AV.4. Possible mechanism for the formation of C; and Cy compounds. Source: Kautzman et al. 2010.

Table AV.9. Gas and particle phase products (concentration of product/concentration total product formed
(ppbC/ppb(C)) found in cyclohexane photoxidation for experiments at 7 °C without NOx addition.

0, () 4
n° Possible compound(s) Formula Protonated m/z 4 EEE b2 pEE

phase phase
1 Cyclohexanedione C¢HsO, 113.06 31.7 5.8
2 Acetic acid/fragment C,H.0, 61.028 20.7 nd
3 Acetaldehyde /fragment  C,H,0/C;H¢0, 45.033/63.044 16.4 11.8
4 Cyclohexanone C¢H10O 99.080 6.4 2.2
5 Formic acid CH,0,/CH,0; 47.012/65.022 4.7 12.4
6 Cyclohexanol C¢H4,0 101.10 1.7 10.2
7 hexan-l.6-dial/hydroxy -y o /c b0 115.07/97.062 2.1 8.0

cyclohexanone
8 2,4-dihydroxybutanal* C4H0,/C4H40 87.044/69.031 1.4 5.2
9 pentan-1,5-dial C4H,03/C4H,0, 101.02/83.012 1.1 5.0
10 2-hydroxy-1,3- CHsO2/CHO  89.059/71.049 0.7 5.3
propanedial

11 2-hydroxy-3-oxobutanal* C4H¢03/C4H.0; 103.04/85.028 1.0 4.4
12 methyl"’;‘é’i'dﬁe”teno‘c CeHgOs/CsHsO  129.05/85.064 0.6 3.8
13 3'hydr°xyg;Tta“e'1 D7 CHOs/CsHO,  115.04/97.028 1.5 3.7
14 Formaldehyde /fragment CH,0 31.018 2.4 1.0
15 4-o0x0-pentanal CsHgO,/CsHO 101.06/83.049 0.40 2.2
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Table AV.10. Gas and particle phase main products (concentration of product/concentration total product
(ppbC/ppbC)) found in cyclohexane photoxidation for experiments at 7°C with NOx addition.

% gas
phase

% particle

Protonated m/z
phase

Formula

n° Possible compound(s)

1 Cyclohexanedione C¢Hs0, 113.06 16.4 5.8
2 Acetic acid/fragment C,H,0, 61.028 31.5 8.2
3 Acetaldehyde /fragment C,H40/C,Hg0, 45.033/63.044 15.4 26.8
4 Cyclohexanone CeH100 99.080 5.7 1.4
5 Formic acid CH,0,/CH,0; 47.012/65.022 7.3 12.6
6 Cyclohexanol C¢Hy,0 101.10 0.9 7.2
7 hexan-i.b-dial/hydroxy 6 cHO  115.07/97.062 1.0 5.6
cyclohexanone
8 2,4-dihydroxybutanal* C4H,0,/C4H,0 87.044/69.031 2.5 3.4
9 pentan-1,5-dial C4H405/C4H,0, 101.02/83.012 0.9 4.0
10 2-hydroxy-1,3- CHsO2/CHO  89.059/71.049 0.9 3.5
propanedial

11 2-hydroxy-3-oxobutanal* C4H¢03/C4H,0, 103.04/85.028 1.0 3.1
12 methyl’°:(‘__’i'dﬂe”te”°‘c CHsO3/CsHgO  129.05/85.064 0.8 3.2
13  3-hydroxypentane-1,5-dial  CsH¢O3/CsH,0, 115.04/97.028 0.10 0.8
14  Formaldehyde /fragment CH,0 31.018 2.2 1.1
15 4-oxo-pentanal CsHgO,/CsHO 101.06/83.049 1.7 1.9

Table AV.11. Gas and particle phase main products (concentration of product/consumed VOC (ppbC/ppbC(C))
found in cyclohexane photoxidation for experiments at 7°C without NOx addition.

n° Possible compound(s) Formula Protonated m/z %gas % particle
phase phase
1 Cyclohexanedione CeHs0, 113.06 22.6 0.1
2 Acetic acid/fragment C,H,0, 61.028 14.7 nd
3 Acetaldehyde /fragment C,H40/C;H,0, 45.033/63.044 11.7 0.2
4 Cyclohexanone C¢H100 99.080 4.6 <0.1
5 Formic acid CH,0,/CH,0; 47.012/65.022 3.3 0.2
6 Cyclohexanol C¢Hy,0 101.10 1.2 0.1
7 hexan-lbedial/hydroxy o 0 /CHO  115.07/97.062 1.5 0.1
cyclohexanone
8 2,4-dihydroxybutanal® C4Hg0,/C4H,O 87.044/69.031 1.0 0.1
pentan-1,5-dial C4H403/C4H,0, 101.02/83.012 0.8 0.1
10 2-hydroxy-1,3- CHg0,/CHO  89.059/71.049 0.5 0.1
propanedial*
11 2-hydroxy-3-oxobutanal* C4H¢03/C4H,0, 103.04/85.028 0.7 0.1
12 methyl'°:3'cjﬂe”te”°ic CeHsOs/CsHO  129.05/85.064 0.6 0.1
13  3-hydroxypentane-1,5-dial  CsH¢O3/CsH,0, 115.04/97.028 1.0 0.1
14  Formaldehyde /fragment CH,0 31.018 1.7 <0.1
15 4-oxo-pentanal CsHgO,/CsH(O 101.06/83.049 0.3 <0.1
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Table AV.12. Gas and particle phase main products (concentration of product/consumed VOC (ppbC/ppb())
found in cyclohexane photoxidation for experiments at 7°C with NOx addition.

n° Possible compound(s) Formula Protonated m/z %gas % particle
phase phase
1 Cyclohexanedione CeHgO, 113.06 16.0 0.1
2 Acetic acid/fragment C,H,0, 61.028 31.0 0.1
3 Acetaldehyde /fragment C,H40/C;H,0, 45.033/63.044 15.2 0.3
4 Cyclohexanone C¢H100 99.080 5.6 <0.1
5 Formic acid CH,0,/CH,03 47.012/65.022 7.2 0.1
6 Cyclohexanol C¢H{,0 101.10 0.9 0.1
7 hexan-lbedial/hydroxy o 0 /CHO  115.07/97.062 1.0 0.1
cyclohexanone
8 2,4-dihydroxybutanal® C4Hg0,/C4H,O 87.044/69.031 2.5 <0.1
pentan-1,5-dial C4H403/C4H,0, 101.02/83.012 0.9 <0.1
10 2-hydroxy-1,3- CHg0,/CHO  89.059/71.049 1.0 <0.1
propanedial*
11 2-hydroxy-3-oxobutanal* C4H¢03/C4H,0, 103.04/85.028 1.0 <0.1
12 methyl'°:(‘_f'i'dﬁe”te”°ic CeHsOs/CsHO  129.05/85.064 1.2 <0.1
13  3-hydroxypentane-1,5-dial  CsH¢O3/CsH,0, 115.04/97.028 0.1 <0.1
14  Formaldehyde /fragment CH,0 31.018 2.2 <0.1
15 4-oxo-pentanal CsHgO,/CsHO 101.06/83.049 1.7 <0.1
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Table AV.13. Gas and particle phase main products (concentration of product/concentration total product
(ppbC/ppbC)) found in nonane photoxidation for experiments at 7°C.

° ol Formula Protonated m/z R Yl
compound(s) phase phase
1 Propanoic acid C;3H(0,/C3H40 75.044/57.033 9.3 7.9
2 Pe”tar;ecﬁ.’grox°‘c CsH1003/ CsHg0, 119.07/101.06 7.3 1.4
3 Acetaldehyde C,H,0/C,H0, 45.033/63.044 6.9 3.5
Heptanal
4 CH,0/CoHyy 115.11/97.101 5.5 1.1
5 Hexa“aegzmxmc CeH1203/C4H100, 133.08/115.07 5.3 1.3
6 Formic acid CH,0, 47.01 4.5 6.9
7 Butanepgroxoic C4Hg03/C4HL0O, 105.05/87.044 35 4.5
acid
8  Butanoic acid C4Hg0,/CHO 89.059/71.049 3.5 2.8
9 Nonanone CoH50/CoH1¢ 143.14/125.10 3.1 1.5
10 Pentanal CsH100/CsHg 87.08/69.069 2.9 2.5
1-ethyl, 4-propyl
1M Giydrofuran CoH1s0 141.13 2.3 0.3
12 Octanal CsH140/CsHys 129.13/111.12 2.2 1.6
13 Pentanoic acid CsH100,/CsHsO 103.07/85.064 2.1 1.5
14 Hepta';ec‘i’jmxmc CH1,05/C/H1,0, 147.10/129.09 1.8 0.5
15 Formaldehyde CH,0 31.02 1.7 1.7
16 Pmpa';ec‘]?gmxmc C3Hg03/CHg0/C5H,0, 91.038/73.028 1.5 2.7
17 Hexanal CeH,0/CeHio 101.10/83.085 1.1 1.6
18 4-ox0-2- CsHyO,/CsHL0 99.044/81.033 0.9 4.4
pentenal
19 Acetic C,H40, 61.030 nd 10.1

acid/fragment
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Table AV.14. Gas and particle phase main products (concentration of product/concentration total product
(ppbC/ppbC)) found in nonane photoxidation for experiments at 21°C.

co:;:;‘ijl:::(s) Formula Protonated m/z Z)hiztse i Sﬁ:::le
1 Propanoic acid C3H¢0,/C3H.0 75.044/57.033 1.7 6.9
2 Pentaneperoxoic acid CsH1003/CsHs0, 119.07/101.06 4.6 1.0
3 Acetaldehyde C,H40/C,H:0, 45.033/63.044 11.2 3.6
4 Heptanal C;H140/CsHy, 115.11/97.101 1.9 0.9
5 Hexaneperoxoic acid CeH1203/CeH100, 133.08/115.07 1.8 1.2
6 Formic acid CH,0, 47.01 2.5 7.7
7 Butaneperoxoic acid C4Hg03/C4H40, 105.05/87.044 4.3 4.2
8 Butanoic acid C4Hs0,/C4H,0 89.059/71.049 4.1 2.8
9 Nonanone CoH10/CoHye 143.14/125.10 3.4 1.4
10 Pentanal CsH100/CsHg 87.08/69.069 2.8 2.3
1 ot MO
12 Octanal CsH160/CgHy4 129.13/111.12 0.4 2.2
13 Pentanoic acid CsH1002/CsHgO 103.07/85.064 2.6 1.1
14 MEPLANEPEIOXIC . 4,,0,/CHu0; 147.10/129.09 0.3 0.8
15 Formaldehyde CH,0 31.02 2.2 1.7
16 Propaneperoxoic acid C3H¢O3/C;H,O/C3H,0, 91.038/73.028 2.4 2.6
17 Hexanal CeH120/CeHyg 101.10/83.085 1.1 1.6
18  4-oxo-2-pentenal* CsHe0,/CsH40/C5H, 99.044/81.033 4.0 4.4
19 Butanal C4Hs0 61.030 0.9 0.8
20 Acetic acid/fragment C2H40; 75.044/57.033 nd 11.6
* Or isomers
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Table AV.15. Gas and particle phase main products (concentration of product/consumed VOC (ppbC/ppb())
found in nonane photoxidation for experiments at 7°C.

% gas % particle

Possible

compound(s) Formula Protonated m/z phase phase
1 Propanoic acid C3He0,/C5H,0 75.044/57.033 1.5 <0.1
2 Pentaneperoxoic acid CsH1003/CsHg0, 119.07/101.06 2.3 <0.1
3 Acetaldehyde C,H40/C,H¢0, 45.033/63.044 1.1 <0.1
4 Heptanal C;H140/CHy, 115.11/97.101 0.9 <0.1
5 Hexaneperoxoic acid CeH1203/CeH100; 133.08/115.07 2.0 <0.1
6 Formic acid CH,0, 47.01 0.7 <0.1
7 Butaneperoxoic acid C4Hg03/C4Hq0, 105.05/87.044 0.7 <0.1
8 Butanoic acid C4Hg0,/C4HO 89.059/71.049 0.4 <0.1
9 Nonanone CoH150/CoHye 143.14/125.10 0.5 <0.1
10 Pentanal CsH100/CsHs 87.08/69.069 0.3 <0.1
1 oo OO
12 Octanal CgH160/CgHyg 129.13/111.12 0.4 <0.1
13 Pentanoic acid CsH100,/CsHs0 103.07/85.064 0.4 <0.1
14 FEPLANEPEIOXOIC  ,.0,/CH0, 147.10/129.09 13 <01
15 Formaldehyde CH,0 31.02 0.3 <0.1
16 Propaneperoxoic acid Cs;H¢O3/C;H,O/C3H,0, 91.038/73.028 0.2 <0.1
17 Hexanal CeH120/CgHqg 101.10/83.085 0.2 <0.1
18  4-oxo-2-pentenal* CsHe0,/CsH,0/C5H, 99.044/81.033 <0.1 <0.1
19 Butanal C4HgO 61.030 0.1 <0.1
20 Acetic acid/fragment C,H.0, 75.044/57.033 <0.1 <0.1
* Or isomers
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Table AV.16. Gas and particle phase main products (concentration of product/consumed VOC (ppbC/ppb(C))
found in nonane photoxidation for experiments at 21°C.

| %

n* Co:%s;:'jbnlg(s) Formula Protonated m/z z’hiiz particle
| phase
1 Propanoic acid C3H¢0,/C3H40 75.044/57.033 1.2 <0.1
2 Pentaneperoxoic acid CsH1003/CsHs0; 119.07/101.06 1.2 <01
3 Acetaldehyde C,H40/C,H:0, 45.033/63.044 1.1 <0.1
4 Heptanal C;H140/CHy, 115.11/97.101 0.2  <0.1
5 Hexaneperoxoic acid CeH1203/CeH100, 133.08/115.07 1.0 <0.1
6 Formic acid CH,0, 47.01 0.3  <0.1
7 Butaneperoxoic acid C4Hs03/C4H4O; 105.05/87.044 0.5 <0.1
8 Butanoic acid C4Hs0,/C,H¢O 89.059/71.049 0.6 <0.1
9 Nonanone CoH150/CoHys 143.14/125.10 0.4 <01
10 Pentanal CsH100/CsHs 87.08/69.069 0.5  <0.1
1 otey MO
12 Octanal CgH160/CgHy4 129.13/111.12 <0.1 <01
13 Pentanoic acid CsH100,/C5Hs0 103.07/85.064 0.3  <0.1
14 FEPLANEPEIOXOIC ¢ ,0,/CH0, 147.10/129.09 07 <01
15 Formaldehyde CH,0 31.02 0.2 <0.1
16 Propaneperoxoic acid C3;H¢O3/C,H,O/C3H,0, 91.038/73.028 0.2 <0.1
17 Hexanal CeH120/CeHyg 101.10/83.085 0.1 <0.1
18  4-oxo-2-pentenal* CsHe0,/CsH40/CsH, 99.044/81.033 <0.1  <0.1
19 Butanal C4HgO 61.030 0.1 <0.1
20 Acetic acid/fragment C,H.0, 75.044/57.033 <0.1  <0.1
* Or isomers
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Figure AV.7. Proposed mechanism for first generation product formation from phenol photoxidation. Source:
Olariu et al., 2002
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Figure AV.8. Formation mechanism of maleic anhydride from catechol. Source: Turpin et al., 2005
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Table AV.17. K rate (x10° cm s™') used for detected mass during PTRMS/CHARON analysis. Rests of masses
have a k rate of 3.2 by default.

m/z k rate m/z k rate m/z k rate
18.034 3.270 81.071 1.952 115.04 3.222
31.018 3.027 83.016 3.108 115.07 3.325
32.996 2.742 83.050 3.241 115.11 3.417
33.034 3.039 83.087 1.972 117.02 3.128
41.038 1.563 85.031 3.130 117.03 3.403
43.019 3.047 85.065 3.259 122.06 3.395
43.054 1.583 87.046 3.152 123.04 3.358
44.024 3.035 87.081 3.277 125.03 3.279
44.058 1.593 89.026 3.035 125.06 3.373
45.034 3.064 89.060 3.173 127.0 3.185
47.013 2.892 91.040 3.059 127.04 3.287
47.050 3.082 91.057 2.049 129.06 3.304
48.014 2.883 93.072 2.068 129.09 3.392
51.009 2.692 95.034 2.963 129.12 3.472
57.070 1.719 95.052 3.310 136.04 3.326
59.049 3.117 97.017 2.832 138.06 3.342
61.030 2.972 97.032 3.213 139.05 3.353
61.065 3.137 97.064 3.327 139.06 3.340
63.026 3.180 97.103 2.108 139.08 3.434
63.045 2.996 99.010 3.108 140.04 3.316
63.056 2.994 99.046 3.233 141.02 3.279
71.016 3.040 101.03 3.119 141.07 2.534
71.050 3.191 101.06 3.239 143.04 3.296
71.087 1.855 103.04 3.140 143.15 3.532
73.030 3.064 103.07 3.257 154.05 3.382
73.063 3.211 105.03 3.343 154.06 3.568
74.029 3.059 107.05 3.359 155.03 3.350
75.026 1.893 109.07 3.374 155.08 2.670
75.046 3.087 111.05 3.292 157.06 3.365
77.026 2.931 111.11 2.244 168.03 3.377
77.058 3.087 113.02 3.203 171.02 3.361
77.070 3.085 113.06 3.309 171.04 3.360
79.054 1.932 115.01 3.106 199.05 3.097
81.035 3.222 115.02 3.388 199.11 3.679
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Table AV.18. References of pure compounds (>99 %, Sigma-Aldrich) for PTRMS gas phase and CHARON
particulate phase. PTRMS configuration was: Pdrift 2.075 mbar; Tdrift= 120°C; Udrift= 395 V; E/N= 114 Td
(PTRMS) ; E/N =108 Td (CHARON). For CHARON references, pure compound were used. The compounds were

dissolved in water (if soluble). Some compounds was not detected in the particle phase probably for the
reduced solubility.

Intensity Intensity

FETE m/z PTRMS  CHARON
C3Hs0, 74.029 3.6
Methylglyoxal C;H40, 73.028 100.0
C,H0 45.045 13.1
C¢H:O, 111.04 100.0 100.0
C¢H;0, 112.05
C¢Hs0, 113.06
5-Methylfurfural
C¢Hs0, 110.06 1.5
CsH,0 83.049 3.1
CsH,0, 97.028 3.1 13.8
C¢H,0, 109.03 100.0 100
Catechol
CeHeO, 111.04 11.1 12.5
C¢H;04 128.04 6.5
C¢HeO04 127.04 100.0
5-
Hydroxymethylfurfural CeHs0s 126.02 3.3
C¢H,04 125.02 58.0
C¢H,0, 109.03 29.2
C¢H405 125.02 100.0
Hydroxyquinol CeHs04 126.02 7.0
C¢HeO05 127.04 2.8
C/H,0 107.05 100.0
C,H,0 108.05 7.50
Benzaldehyde
C,H,0 105.03 12.0
CeHe 79.05 2.6
CsH,0, 97.028 100.0
Furaldehyde
CsHs0, 98.03
C4H,04 99.007 100.0 100.0
. . C4H304 100.01 3.8 3.3
Maleic anhydride
C4H,0; 101.02 0.5 1.1
CH,0, 117.08 5.5
C¢H,0, 109.03 100.0 100.0
Benzoquinone Ce¢H50, 110.06 3.0
CsH,0, 97.03 9.1
C,/HsO 109.06 100.0
Cresol
C,H,0 110.06 7.1
C4H,0, 87.044 17.6
Crotonic acid C,H,0, 88.047
C,H,0 45.033 82.4
C;/H0, 123.04 100.0
Benzoic acid C/Hs0, 122.03 3.8
C,H,0 105.04 17.5

216



Annexes

C;Hs0 106.03 1.3
C;H,NO, 138.06 100.0
4-Nitrotoluene
C;HgNO, 139.06
C¢HsNO; 140.03 100.0 100.0
4-Nitrophenol
CeHeNO; 141.04 7.0 7.1
C¢HsNO, 124.03 2.0
C¢H40; 125.03 10.2
C¢Hs0; 126.02 5.4
Nitrocatechol C¢H3NO, 154.007 5.2
C¢H4NO, 155.018 5.8
CeHsNO, 156.03 100.0
CeHeNO, 157.028 6.1
CoH450 143.14 50.8 51.9
nonanal gas CoHy7 125.13 21.3 19.9
CsHo 69.07 27.8 28.2
C/H.,0 115.11 15.7 21.8
Heptanal C/Hq3 97.10 77.6 78.2
C/Hyy 98.10 6.7
C¢H,0 101.10 11.9 15.6
hexanal CeHyy 83.085 82.4 84.4
CeHyz 84.08 5.7
CsH,0 87.08 12.2 16.0
pentanal CsHo 69.07 83.1 84.0
CsHio 70.07 4.7
C4HgO 73.06 16.0
butanal C4H, 55.05 80.3
C4Hs 56.05 3.7
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Annex VI

Table VI.1. Response factors (counts/ng) for VOCs used for ATD-GC-MS calibration
Reponse factor

LEmPEUnE (counts/ng)
Benzene 115012
Toluene 110870

Ethylbenzene 106035
m-Xylene 100546
1,3,5 TMB 95126

Naphthalene 112040
1-Butanol 21625

Propan-2-ol 11680

Heptanol 75230

Cyclohexane 55564
Dimethylpentane 30744
Nonane 105802
Decane 108205
Undecane 133206
Dodecane 168320

Tridecane 204011

Tetradecane 235869

Pentadecane 267445

Hexadecane 291719
Heptadecane 317998
Octadecane 304698
Nonadecane 240568
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Annex VI

Table AVIIl.1. AMS and CHARON SOA formed intercomparison.
Experiment n°®° SOA CHARON (pug/m?) SOA AMS (pg/m’)

1 3.9 4.5
2 1.1 1.8
3 0.4 0.6
4 3.5 5.3
5 4.2 6.5
6 0.7 0.8
7 0.8 1.1
8 0.9 1.2
9 1.8 2.4
10 3.5 4.4
11 1.8 2.3
12 2.3 2.7
13 2.9 3.7
14 3.2 4.0
15 3.8 5.0
16 3.2 5.5
17 34 6.0
18 1.3 1.5
19 1.6 2.0
20 4.7 7.0
21 12.7 15.0
22 10.7 12.5
23 3.7 4.5
24 11.1 14.0
25 3.8 4.2
26 11.2 14.0
27 18.9 20.0
28 5.5 6.5
29 13.9 17.3
31 2.3 2.8
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