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Abstract

Atmospheric aerosol particles affect the quality of life by influencing climate and by being a
significant component of air pollution. Once a particle is released into or formed in the
atmosphere, several processes begin to transform its physical and chemical properties. A
considerable fraction of the particulate matter is secondary material i.e. formed from gas-to-
particle conversion in the atmosphere. This secondary particle formation is an important
process in the evolution of atmospheric aerosols. The aim of this thesis is to study the
formation and aging of secondary aerosols by experimentally simulating atmospheric
oxidation of emissions from biogenic and traffic-related sources. In this work the focus is on
particle size, mass and number concentration, as well as on the thermal properties of the
particles formed. These measures give insight into properties relevant for understanding the
evolution of particles in the ambient atmosphere.

The thermal properties of secondary organic aerosols (SOA) formed from oxidation of
monoterpenes in two oxidation flow reactors, G-FROST and PAM, and the atmospheric
simulation chamber SAPHIR, was studied using a Volatility Tandem DMA (VIDMA). The
detailed laboratory studies show that the formation of monoterpene SOA and its thermal
properties depend on chemical structure of the precursor and oxidizing conditions.
Furthermore, freshly formed monoterpene SOA comprise of compounds with a wide
distribution of volatilities ranging from extremely low volatile to semi volatile compounds.
Photochemical aging of SOA was studied in SAPHIR by oxidation induced by natural sun
light and in PAM by exposing SOA precursors to high concentration of OH over a short
time. The results reveal two opposing processes which drive the evolution of SOA volatility
in the two systems.

During the course of this work an oxidation flow reactor, Go:PAM, has been developed.
Go:PAM enables studies of secondary particle formation from rapidly changing emission
sources, and was used to derive fuel-specific secondary particle emission factors from in-use
transit buses under real-world driving conditions. Both primary emissions and the
secondary particle formation of 29 buses running on conventional or on more sustainable
fuels were investigated. The results emphasize the importance of taking the reduction in OH
exposure into consideration when interpreting the secondary particle formation from
plumes. However, independent of fuel and technology of the buses, the formation of
secondary particulate mass was significantly higher than the primary particle mass.
Furthermore, the results indicate there are emissions of non-fuel related compounds that are
important for secondary particle formation.

This work provides insight in the formation and aging of secondary particles from biogenic
and traffic-related sources. The results highlight the importance of including secondary
particle formation when predicting the climate forcing of SOA and designing of air quality
strategies.

Keywords: volatility, ozonolysis, hydroxyl radical, OH exposure, a-pinene, (-pinene,
limonene, dimer esters, engine exhaust, bus exhaust, air pollution, climate, oxidation flow
reactor, atmospheric simulation chamber



Abstrakt

Partiklar i atmosfaren pavekar klimatet och utgor en vastentlig del av luftfroreningar. Dessa
partiklar kan antingen sldppas ut direkt fran en kalla eller bildas sekundart i atmosfaren.
Atmosfariska processer andrar partiklarnas kemiska och fysiska egenskaper. Bildning av
sekundar partikel massa ar en viktig process for denna forandringen och var forstaelse av
denna process ar bristfillig. Syftet med arbetet som ligger till grund f6r denna avhandling
var att studera bildning och aldring av sekundéra partiklar och darmed bidra till okad
forstaelse av de processer som paverkar egenskaperna pa partiklarna. Detta gjordes genom
att simulera bildning och aldring av sekundara partiklar fran biogena amnen och emissioner
fran trafik i flodesror samt en stor sa kallad simulerings kammare. Fokuset i arbetet har varit
att studera dndringar i partikelstorlek, antal- och masskoncentration samt hur flyktiga
partiklarna dr. Flyktigheten &dr en viktig egenskap da den &ar avgorande for hur
motstandskraftig partiklen ar i atmosfaren.

Bildning och aldring av biogena partiklar studerades i tva typer av flodesrér, G-FROST och
PAM, och i en simulerings kammare, SAPHIR, med hjalp av en Volailtiy Tandem DMA
(VIDMA). Detaljerade laborations forsok visade att den kemiska strukturen for &mnet som
oxideras samt oxidationsforhallanden spelar en viktig roll for egenskaperna och mangden
sekundar partikel massa som bildas. Vidare visar resultaten att nar oxidationen startar och
ny partikel massa bildas, sd bildas bade relativt flyktiga @mnen och dmnen som ar sa
lagflyktiga att de kan bidra till bildning av nya partiklar. Jamforelse av hur sekundéara
biogena partiklar dldras i PAM och SAPHIR, belyser att det dr tva motsatta procsesser som
driver aldringen av partiklarna i de tva systemen. Detta ar viktig kunskap for att forsta hur
sekundara partiklar paverkar klimatet.

Sekundara partiklar spelar ocksa en viktig roll for luftkvaliteten och i stadsmiljo dr ofta
utslapp fran trafik dominerande. Som en del av arbetet har en ny typ av flodesror, som gor
det mojligt at studera bildning av sekundar partikel massa fran fordons plymer, utvecklats.
Resultatet fran tester pa bussar visar att det var en signifikant okning av sekudar
partikelmassa oberoende av bransle och teknik. Detta understryker betydelesen av att
inkludera sekundar partikelbildning fran trafik for att kunna vidta de mest effektiva
atgarder for luftkvaliteten.

Nyckelord: organisk aerosol, ozonolys, atmosfdrisk aldring, monoterpener, trafik,
luftféroreningar, klimat, flodesror, atmosfariska simuleringskammare, volatilitet
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1. Setting the scene

The composition of the atmosphere has changed compared to pre-industrial times, and that affects the
quality of life in many aspects. Daily we hear about the effects of global warming; intensified tropical
storms, draughts and extreme heat waves. The climate is changing [Stocker et al., 2013]. The changed
composition of the atmosphere also directly affects human health. We read alarming reports on bad air
guality. Annually ambient air pollution cause 4.2 million premature deaths and atmospheric particles
are a major cause [Cohen et al., 2017].

Atmospheric particles, i.e. nano sized particles, are important for climate [Stocker et al., 2013] and
human health [Shiraiwa et al., 2017]. The particles can either be emitted directly to the atmosphere,
i.e. primary particles, or be formed through gas to particle conversion, i.e. secondary particles. On a
global scale, biogenic emissions of precursors for formation of secondary organic aerosols (SOA) are
dominating [Hallquist et al., 2009]. The formation of secondary organic particles from atmospheric
oxidation of gaseous compounds is complex, and the understanding of this process is still incomplete
[Hallquist et al., 2009]. Therefore, when the climate forcing of SOA is predicted, this complexity
needs to be reduced, and thus predictions of this forcing are less accurate [Shrivastava et al., 2017]. On
a local and regional scale, traffic-related emissions can be a major source of secondary aerosols
precursors [Dunmore et al., 2015; Ots et al., 2016], and consequently the choice of fuel and
technology of the vehicles will have an impact on the air quality. In order to meet the challenges with
increased energy demand and the need to reduce greenhouse gas emissions in connection with
transportation, there is a call to change from conventional fuels to more sustainable fuels. However,

the effect this change has on air quality is generally not well understood.

In order to take appropriate actions to maintain high quality of life for as many as possible, we need to
understand the consequences of a changed composition of the atmosphere. Knowledge of the
formation and evolution of secondary aerosols is needed to predict societal challenges related to
climate change and human health impacts. In turn, natural and societal responses will have feedback

on the same processes. The objective of this thesis is to contribute to this understanding.



2. Atmospheric aerosols and oxidation chemistry

A major part of this thesis deals with formation and aging of secondary aerosols and some basic
principles of atmospheric oxidation chemistry are introduced in this chapter. In addition, some
fundamental concepts describing atmospheric aerosols and their evolution, as well as a brief

description of biogenic and traffic-related emissions are provided here.

2.1 Atmospheric aerosols

Atmospheric aerosol particles have natural and anthropogenic sources, and consist of both organic and
inorganic compounds. Windblown dust, sea spray, volcanic particles and bio aerosols are examples of
naturally produced primary particles, while particles emitted from traffic, biomass burning and
industry are examples of particles from anthropogenic sources. However, the division of atmospheric
aerosol particles into primary and secondary is generally too simple due to a dynamic exchange
between the gas and particulate phase as the aerosol is aged in the atmosphere [Donahue et al., 2012;
Jimenez et al., 2009].

2.1.1 General atmospheric aerosols

Atmospheric aerosols are a heterogeneous and dynamic mix of particles and gases. As can be seen
from Figure 2.1, atmospheric aerosol particles span over a wide size range, from a few nanometers to
up to about 100 um. In order to be defined as an aerosol particle, the particle has to be stable in the
suspended gas for at least a few seconds. Atmospheric aerosols are often polydisperse, i.e. contain
particles of a wide size range, but in laboratory studies monodisperse aerosols, i.e. contains particles of

the same size, are often used.

The chemical composition of atmospheric aerosol particle depends strongly on the emission source
and in which environment the aerosol is aged. In atmospheric particles there is often a large fraction of
organics [Kanakidou et al., 2005], and a significant portion has a secondary origin, i.e, SOA [Jimenez
et al., 2009]. In addition to organics, aerosol particles are in general composed of inorganics such as
sulfate, nitrate, ammonium, chloride and trace metals that may also influence the chemistry and affects
health and climate. The complexity of aerosol particles is thus a major challenge, and in relation to
other gaseous air pollutants there is still a lot more to understand in order to accurately predict particle

effects on climate and health.
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Figure 2.1 Overview of aerosol size classification together with main sources and sinks. Graphic design by Eva
Emanuelsson. Printed with permission.

Atmospheric particles influence the climate and human health. The Earth radiative budget is directly
affected by particles either absorbing or scattering light, and indirectly by playing an important role in
atmospheric chemistry and in cloud formation. Although it is quite well agreed upon that atmospheric
particles affect the climate, there are still large gaps in our understanding of the effects [Stocker et al.,
2013]. There are particular uncertainties in the formation and properties of the secondary aerosols
[Hallquist et al., 2009; Shrivastava et al., 2017]. Epidemiological studies have uncovered clear
relationships of particulate matter with cardiovascular and respiratory diseases [Shiraiwa et al., 2017],
and recent findings indicate that there is a link between inhaled particles and brain damage [Maher et
al., 2016]. Most legislation concerning particulate matters is given for PM2.5, i.e. the concentration of
particles with a diameter of less than 2.5 um. However, it is unclear if this is the best measure for the

health effects of particle exposure [Cassee et al., 2013; Shiraiwa et al., 2017].



2.1.2 Formation and aging of atmospheric particles

In the atmosphere, due to attractive forces between molecules, clusters are continuously formed.
Most of the clusters are unstable and will fall apart; however, if the cluster reaches a certain size, the
Kelvin diameter, a stable particle can be formed. In order for gas phase compounds to contribute to
this new particle formation, the vapor pressure needs to be sufficiently low, but as the new particle has
formed, compounds with higher vapor pressure can contribute to condensational growth. The
evolution of the organic aerosol particle is primary driven by partitioning of molecules between the
gas phase and the condensed phase and condensed phase reactions.

The equilibrium distribution between gas and condensed phase is given by Rault's law. A more
practical form for atmospheric purposes, based on Rault's law is to use a partitioning coefficient (k;),

defined by the adsorptive gas partitioning theory given by Equation 2.1 [Pankow, 1994].

Cicond _ RT forg

K; = =3 = -
¢ ¢ pMorg MWorgYi Dlo

(Eq 2.1)

cond

where M, is the total suspended particulate matter, ¢;™ and c;"* are the mass concentrations in the
condensed phase and gas phase, respectively, pj is the saturation vapor pressure, y; is the activity
coefficient, MW, is the average molecular weight of all organic molecules in the particle, foyq is the
weight fraction of organic matter, R is the gas constant and T is the temperature. As can been seen
from Equation 2.1, the distribution of a compound between gas and condensed phase does not only
depend on its molecular properties and temperature, but also on the total concentration of particulate
matter. This implies that by diluting of the aerosol, i.e. reducing the concentration of total suspended
particulate matter, the chemical composition of the particle will change due to evaporation of

compounds from the condensed phase.

One of the key properties defining the distribution of a substance between condensed and gas phase is
the saturation vapor pressure (p?). This is the pressure needed to maintain equilibrium with the gas

phase over a flat surface of the pure substance. Atmospheric aerosols are rarely ideal systems; the gas-
and condensed phase contain a mixture of compounds that can offset the activity coefficients from the
ideal value of 1. Furthermore, atmospheric aerosol particles are often so small that the assumption of a
plane surface will not hold, and the Kelvin effect is needed to be taken into account. To describe the
vapor pressure of a compound i over a multicomponent system, the equilibrium vapor pressure is
given by Equation 2.2:

40V i

pi(Dp) = vixplexp (—) (Eq 2.2)

RTDy



where v; is the activity coefficient,  is the mole fraction of i in the mixture, o is the surface tension,
vmi the molar volume of i in the mixture, R is the common gas constant, T is temperature and D is the
diameter of the particle. The activity coefficient accounts for the deviation from ideal behavior. From
Equation 2.2 it can be seen that for smaller particle sizes a vapor pressure higher than the saturation

vapor pressure is needed to maintain the mass equilibrium.

The concept of volatility provides a framework which allows simplifying the description of
atmospheric aerosols. The volatility is no single chemical or physical property, but rather is a
combination of the saturation vapor pressure, phase state, the size of the particle as well as the mixing
and reactions of compounds in the particle phase. In the atmosphere, a particle containing partly
volatile components may partly evaporate and lose these components. In doing so, size, molar ratio
and activity coefficients may change and less volatile components will start to dominate and make the
remains more persistent. In atmospheric studies, the volatility is usually described by the saturation
mass concentration (C") which is the mass concentration of a compound needed to maintain the mass
equilibrium between the gas and condensed phase, often given in the units of pg/m®. Based on this,
atmospheric organic compounds are often described on the basis by their saturation mass
concentration, and often in the terms of intermediate volatile VOCs (IVOC), semi volatile VOCs
(SVOC), low volatile VOCs (LVOC) and extremely low volatile VOCs (ELVOC) [Donahue et al.,
2011] . SVOC and LVOC can be present both in the particle and gas phase, while ELVOC for most
cases will only be found in the particle phase [Donahue et al., 2011; Ehn et al., 2014]. However, it
should be noted that in the literature these terms and definitions not always strictly used by the
definition outlined by Donahue et al (2006, 2011). For example, in this work SVOC and ELVOC are
defined on the basis of data from the measurements using a volatility DMA (VTDMA).

The phase state of the particle is affecting the reactivity as well as the evaporation rate. Studies
indicates that SOA particles have a high viscosity which implies that it may not be correct to assume
that SOA particles are liquid [Cappa and Wilson, 2011; Vaden et al., 2011; Virtanen et al., 2010]. A
more viscous particle will evaporate more slowly compared to a liquid particle. Furthermore, chemical
reaction within the particle is slowed down as the viscosity is increasing. Generally, condensed phase
reactions produce compounds with lower vapor pressure, and so reduce the general volatility of the
particle [Shrivastava et al., 2015]. However, it should be noted that for these reactions to be important,

the reaction time need to be shorter than the life-time of the compound due to evaporation.
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Figure 2.2 Evolution of atmospheric particles.

Atmospheric particle evolution is illustrated in Figure 2.2. As new particles are formed through
nucleation of extremely low volatility compounds, the particles will grow by condensation and
undergo chemical and physical changes including partial evaporation. All these processes will alter the
chemical and physical properties of the particle. When the size of the particle reaches that of cloud
condensation nuclei, the particle can become a cloud droplet. As indicated in Figure 2.2, not all
particles formed through nucleation will reach the size of cloud condensation nuclei or have a suitable
composition. Small particles can be removed by coagulation and larger particles can be removed by

Cloud formation

wet and dry deposition [Shrivastava et al., 2015; Vehkamaki and Riipinen, 2012].



2.2 Atmospheric emissions of secondary aerosol precursors

Biogenic and anthropogenic sources emit gases and particles to the atmosphere. One important and
heterogeneous group of gases is VOCs which play a significant role for the formation of secondary
organic aerosols (SOA) [Glasius and Goldstein, 2016], and is emitted from both sources. In addition,
traffic emits inorganic compounds, which can interact and contribute to the formation of secondary

aerosols.

2.2.1 Biogenic VOC emissions

Biogenic VOCs produced by plants are involved in plant growth, development, reproduction and
defense [Laothawornkitkul et al., 2009]. Globally, vegetation emits about 1000 Tg BVOCs every year,
whereof 50 % is isoprene, 15 % monoterpenes and 3% sesquiterpenes [Guenther et al., 2012].
Monoterpenes and sesquiterpenes are of special interest since the atmospheric oxidations of these
compounds efficiently produce SOA [Palm et al., 2016]. In this thesis the focus has been on SOA
formation from oxidation of three important monoterpenes: a-pinene, f-pinene and limonene. The
atmospheric emissions of monoterpenes have a seasonal variation, with a maximum during summer
[Hakola et al., 2012; Hakola et al., 2009; Seco et al., 2011]. In the boreal forest, the concentration of
a-pinene is significant from early spring to late autumn, whereas the concentrations of B-pinene and

limonene are only significant in summer and early autumn [Hakola et al., 2012].

2.2.2 Traffic-related emissions

Traffic-related sources contribute to the air pollution by both exhaust emissions and production of
non-combustion particles, e.g. particles produced from breaks, tires and road surface wear [Grigoratos
and Martini, 2014]. In this thesis the focus has been on exhaust emissions. Generally, engine exhaust
consists primarily of nitrogen, oxygen, water vapor and CO,, with minor constituents of CO,
hydrocarbons and NO, [Matti Maricq, 2007]. In addition, particulate matter is emitted, including soot,
organic material and trace metals [Dallmann et al., 2014; Lough et al., 2005]. Figure 2.3 illustrates the
evolution of vehicle exhaust as it is emitted into the ambient air. The exhaust is hot when emitted, but
cools quickly as it is diluted with ambient air, and the cooling promotes nucleation and condensation
of exhaust compounds on existing particles, i.e. formation of secondary particles. However, as the
exhaust is diluted, the gas phase concentration of pollutants is reduced, leading to evaporation of
compounds from the particles in order to maintain phase equilibrium. Furthermore, some of the

emitted gaseous compounds can react in the atmosphere and be transformed to compounds of lower



volatility, contributing to chemically induced particle formation. The formation of chemically induced
secondary particulate matter often exceeds the emissions of primary particulate matter [Alanen et al.,
2017; Gordon et al., 2014a; Gordon et al., 2014b; Karjalainen et al., 2016a; Platt et al., 2013; Tkacik et
al., 2014].

Primar
o Y Secondary
cmissions o :
Condensation oo formation
E‘\/}aporation Secondary Chemical-induced
particles particle formation
x VOC _
N SVOC SVOC—=55047
Primary e 2 SO
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Figure 2.3 Evolution of exhaust emissions. Graphic design by Asa Hallquist. Printed with permission.

While there are considerable differences in the primary particle emissions from vehicles depending
e.g. on fuel, technology and exhaust after treatment [Hallquist et al., 2013; Pirjola et al., 2016;
Pourkhesalian et al., 2014], the variation is less pronounced for the secondary particle formation
[Friedman et al., 2017; Jathar et al., 2017]. There are, however, still many open questions considering
the formation of secondary aerosols from vehicle emissions [Gentner et al., 2017], and the increased
primary emissions during real-world traffic compared to laboratory tests [Pirjola et al., 2017] calls for

studying the formation of secondary aerosol formation under real-world driving conditions.



2.3 Atmospheric oxidation

The atmosphere is a large chemical reactor with a myriad of chemical compounds that can react in
innumerable ways under changing physical conditions, with the sun turning on and off the
photochemistry. It is clear from thermodynamics that the final products of carbon-, hydrogen-,
nitrogen- and sulfur-containing gases in air are carbon dioxide, water, nitrate and sulfate, respectively.
The path to these products is often long and complicated but it normally starts with an attack by an
oxidizing agent i.e. hydroxyl radical (OH), ozone (Os) or nitrate radical (NOs). The relative
importance of the oxidants depends on the oxidant concentrations and the molecular structure of the
precursor as well as humidity, radical conditions and temperature. In this work atmospheric oxidation
by OH and Os has been studied.

2.3.1 Two important oxidants: the OH radical and ozone

OH is the most important oxidation agent during daytime, but O3 is an important oxidant due to high
concentrations and the special case with oxidation of alkenes. Furthermore, Os is present both daytime
and nighttime. As can been seen from Table 2.1, the OH initiated oxidation is faster and less specific
than oxidation by Os.

Table 2.1: Atmospheric life time for a-pinene, -pinene and limonene for their reaction with O3 and OH

Lifetime (h) for reaction

VOC with

OH? 0s°
a-pinene 5,3° 4,0°
B-pinene 37° 17,9°
Limonene 1,7° 1,3°

Assumed a OH concentration of 1x10° molecules cm™ [Finlayson-Pitts and Pitts Jr, 2000].
® Assumed a O; concentration of 7x10** molecules cm™ [Atkinson and Arey, 2003]
Rate constants from [Atkinson and Arey, 2003] ¢, [Stewart et al., 2013] ¢, [Khamaganov and Hites, 2001]°



In the troposphere, ozone is primarily produced through the photolysis of NO, (R2.1-2.2), and the
background concentrations in a clean atmosphere is normally around 7x10" molecules cm™ [Atkinson
and Arey, 2003]. In a polluted atmosphere with elevated concentrations of NO, and organics, the
concentration of ozone will be higher due the reaction of NO with hydro peroxy radicals and alkyl
peroxy radicals (R2.4 and R2.5).

NO, + hv (A < 430 nm) > NO + O (°P) (R2.1)
0,+0(CP)+M > 0+ M (R2.2)
O3+ NO = 0, + NO, (R2.3)
HO,+ NO = OH + NO, (R2.4)
RO, + NO - RO + NO, (R2.5)

The atmospheric OH concentration is only controlled by in situ chemistry due to its high reactivity.
The main source of OH in the atmosphere is from photolysis of O with subsequent reaction of O(*D)
with water (R2.6-2.7).

05 +hv (A <336nm) > O, + O (‘D) (R2.6)
o(‘D) + H,0 > 2 OH (R2.7)
0 (*D) + M > O(P) (R2.8)

In addition, OH can e.g. be formed from photolysis of HONO and H,0, and from the ozone induced
oxidation of alkenes. During day time a significant fraction of the OH radicals can be produced from
the ozonolysis of alkenes, and during night time this reaction is the domination source of OH
[Vereecken and Francisco, 2012]. Given the right conditions, daytime OH concentrations of 2x10’
molecules cm™® can be reached [Stone et al., 2012]. However, normally it ranges in polluted
environments from 1.2 to 6x10° molecules cm™ and in environments influenced by biogenic emissions
from 2 to 15 x10° molecules cm™ [Stone et al., 2012].
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2.3.2 Oxidation of VOCs and radical chemistry

Oxidation of VOCs is a key feature in atmospheric chemistry, and as illustrated in Figure 2.4, the fate
of VOCs is a competition between fragmentation to complete oxidation to CO, and water, and
formation of products with lower vapor pressure [Goldstein and Galbally, 2007]. Simplified, the vapor
pressure will decrease by increasing the number of carbons or increased functionality, i.e. addition of
functional groups. VOCs will also be removed from the atmosphere through wet and dry deposition
[Shrivastava et al., 2015].

Oxidation Oxidation Oxidation
Gas phase vVOC 3 SVOC > LVOC e CO HO

A Al
R Y

Condensed phase

Figure 2.4 Schematic of multigenerational gas phase oxidation and partitioning to condensed phase. Note that
surface and condensed phase processes are not shown.

As an example of atmospheric oxidation a schematic of OH radical induced oxidation is shown in
Figure 2.5. Depending on the structure of the parent VOC, OH will either abstract an H and form
water or be added to the parent VOC, and in both cases an alkyl radical (R) is formed. Alkyl radicals
can also be formed from decomposition of reactive species. In the atmosphere nearly all alkyl radicals
react with molecular oxygen (O,) to form an alkyl peroxy radical (RO). In a polluted atmosphere, the
fate of RO, will mainly be the reaction with NO forming an alkoxy radical (RO). RO, radicals can also
react with NO, forming peroxy nitrates, i.e. PAN like compounds. These compounds are important

because they are relatively stable, and therefore can transport NOXx to pristine environments.
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Figure 2.5 Sequence of OH initiated VOC oxidation [Hallquist et al., 2009]. Printed with permission.
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In absence of NO,, the self-reaction of alkyl peroxy radicals (RO, + RO,) and the reaction of alkyl
peroxy radicals with hydro peroxy radicals (HO,) becomes more important [Vereecken and Francisco,
2012]. Of several possible reaction channels for the self-reaction, two channels are dominating: (i) the
the formation of two alkoxy radicals (RO) and molecular oxygen, and (ii) the formation of an alcohol,
a carbonyl and molecular oxygen [Vereecken and Francisco, 2012]. For most alkyl peroxy radicals,
the reaction channel with HO, forming a carboxylic acid and molecular oxygen is the most important,
but there are also other reaction channels available [Orlando and Tyndall, 2012]. It should be noted
that the reaction channels discussed above often due to high concentrations of RO, and HO, becomes
important in laboratory studies. As can be seen from Figure 2.5, the alkoxy radical (RO) can (i) react
with O, forming a carbonyl, (ii) isomerize or (iii) decompose forming a carbonyl and an alkyl radical

(R). The formation of an alkyl radical starts the radical chain reaction all over again.

The basic atmospheric relevant radical reaction pathways are well-established [Orlando and Tyndall,
2012], but as the measurement techniques has become more sophisticated, new reaction pathways has
been elucidated. Recently, formation of highly oxidized organic compounds in the gas phase has been
observed, and it is believed that these compounds are formed from autoxidation of RO, radicals
[Berndt et al., 2016; Ehn et al., 2014; Jokinen et al., 2015]. Autoxidation is the oxidation of a
hydrocarbon by addition of molecular oxygen followed by intramolecular H-shifts, which can lead to a
rapid production of extremely low volatility compounds. Studies indicate that the chemical structures
of monoterpenes are of importance for the formation of these extremely low volatile compounds [Ehn
et al., 2014; Jokinen et al., 2015].



2.3.3 Ozonolysis of Monoterpenes

As already mentioned, ozone induced oxidation of monoterpenes is important in atmospheric
oxidation for several reasons. First, compounds formed in the ozonolysis of monoterpenes can
contribute to formation of secondary organic aerosols. Second, formation of non-photolytic HO,
radicals from the ozonolysis can contribute significantly to the atmospheric radical chemistry.

All monoterpenes have the same chemical formula, CyoHie, but the chemical structure varies. The
number and placement of double bonds determine the atmospheric oxidation chemistry of the
monoterpenes. It is therefore important to distinguish between endocylic monoterpenes, i.e. double
bond within the ring, and exocyclic monoterpenes, i.e. double bond outside the ring. As can be seen
from Figure 2.6, a-pinene, f-pinene and limonene all have different placement of double bonds, and
this structural difference makes the oxidation of these three monoterpenes interesting to study and

compare.

\

\> >

Figure 2.6 Chemical structures of a-pinene, -pinene and limonene

Independent on the placement of the double bond, the ozonolysis of monoterpenes starts with an
addition of ozone to the double bond. This will lead to formation of a primary ozonoide (POZ) which
is thermally unstable and rapidly will decompose. The initial cleavage of the carbon bond is a key
feature for the further chemistry, and here the placement of the double bond plays an important role.
For exocyclic and acyclic alkenes the cleavage will lead to formation of two fragments whereas the
carbon cleavage for endocyclic alkenes will lead to a ring opening with the carbon chain kept intact.
lllustrated for B-pinene in Figure 2.7, the decomposition of the primary ozononide will lead to
formation of two alternative pairs of carbonyl oxides, i.e. Criegee Intermediates (CI) and carbonyls.
While for endocyclic monoterpenes, the carbonyl functional group will be retained in the CI (Figure
2.8). However, in both cases the CI will be excited, and the fate of the excited CI will be a competition

between unimolecular reactions and collisional stabilization to from a stabilized CI.
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Figure 2.7 Initial reaction steps in the ozonolysis of f-pinene
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Figure 2.8 Initial reaction steps in the ozonolysis of a-pinene
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The isomerization of the excited CI for small alkenes (e.g. monoterpenes) proceeds mainly through
two channels [Vereecken and Francisco, 2012]. In the first channel, H-shift can occur if a suitable H-
atom is available, and a vinylhydroperoxid radical is formed. This radical can fall apart forming a
vinoxy radical and a hydroxyl radical (OH). In the second channel, the CI can isomerize through
cyclisation, forming a dioxirane. The dioxirane can decompose by breaking the O-O bond and
depending on the chemical structure of the parent VOC, rearrange to an acid or an ester. In addition to
the unimolecular reactions of the excited ClI, the excited ClI can also become stabilized through
collisions. The rate of stabilization depends strongly on the initial cleave of the carbon bond in the
primary ozonide. Under ambient conditions, 40 % of the excited CI formed from the ozonolysis of -
pinene will be stabilized [Nguyen et al., 2009] whereas less than 15 % of the excited a-pinene CI is
stabilized [Vereecken and Francisco, 2012]. Stabilized Cls is suggested to in the gas phase react with
e.g. water and oxygenated organic molecules forming secondary ozonides, carboxylic acids and dimer
esters [Kristensen et al., 2014; Kristensen et al., 2013; Vereecken et al., 2012; Zhang et al., 2017].

In summary, the number and placement of double bonds determine to large extent which products that
can be formed in the ozonolysis of monoterpenes. Furthermore, ambient conditions like humidity and
temperature influence which reaction channels that are favored, and by that also influence the product
distribution. It is therefore of great interest to do detailed studies of monoterpene oxidation in order to
be able to describe the SOA formation.

15



3. Studying Atmospheric Oxidation

The complexity of atmospheric oxidation makes laboratory studies a necessary link between the
ambient atmosphere and models. A variety of laboratory tools can be used to simulate atmospheric
chemistry and aging, including oxidation flow reactors (OFRs) and atmospheric simulation chambers.
The great benefit by using such devices is the possibility to isolate the processes of interest in a
controlled reality. A tool used to employ results from atmospheric studies is emissions factors, and a

brief description of the fuel-related emission factors is given in Section 3.5.

3.1 Oxidation flow reactors and atmospheric simulation chambers

Both atmospheric simulation chambers and OFRs can be used to study atmospheric relevant oxidation
and aging, however there are important differences between the two systems (cf Table 3.1). Generally,
atmospheric simulation chamber are static which enables longer residence times and allows slower
processes to take place (e.g. condensed phase processes). OFRs are dynamic systems with short
residence time which facilitates systematic studies of varying reaction conditions (e.g. water
concentration, radical chemistry and temperature). Furthermore, in OFRs high OH concentration can
be achieved which enables studies with high OH exposures. The three oxidation flow reactors and the

atmospheric simulation chamber used in this work are presented in Table 3.1.

Table 3.1 Comparison of Oxidation flow reactors and atmospheric simulation chambers used in this thesis

G-FROST PAM Go:PAM SAPHIR
Material Pyrex Metal Quartz FEP-Teflon
Dimensions i.d: 10cm, 1:191cm d:44 cm, I: 46 cm i.d: 9.6cm, 1:100cm 270 m®
Typical residence times 240s 100s 37s Hours to days
Chemistry O3 OH OH OH/O;
Temperature control Controlled temperature ~ No temperature control Stable temperature Ambient
OH exposure n.a. 4x10"molecules cm3s?  4x10"molecules cm3s™ Ambient
Radiation n.a. 183 nm and 254 nm 254 nm Sunlight
Paper I, 1, 11 I, 1l \Y4 \V4
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3.1.1 Ogas primary oxidant: G-FROST

The Goéteborg Flow Reactor for Oxidation Studies at low Temperature (G-FROST) is used to study
oxidation of biogenic precursors mainly with ozone as the primary oxidant. G-FROST is a flow
reactor mounted vertically in a temperature controlled housing, and is described in detail in Jonsson et
al (2006). Briefly, G-FROST consists of a 191 cm long Pyrex® glass cylinder with a diameter of 10
cm. VOCs and oxidant are added continuously through separate lines and allowed to react in a well-
defined mixing region of the glass cylinder. The continuous flow through the reactor creates a stable
aerosol output, and imposed changes to the chemistry can be monitored and analyzed. Temperature,
humidity, residence time as well as the concentration of ozone and the SOA precursor can be varied
with precise control. The temperature may be set and kept stable from -30° C to above 30° C. The
residence time can be controlled by adjusting the position of the slider and the flows. In these studies,

the residence time was 240 s calculated as plug flow.

Figure 3.1 lllustration of G-FROST
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3.1.2 OH as primary oxidant: PAM and Go:PAM

The two OFRs using OH as the primary oxidant used in this thesis are shown in Figure 3.2: (i)
Go:PAM, a quartz flow reactor ( I: 100 cm, r: 4.8 cm) and (ii) the PAM chamber, a metal chamber (I:
46 cm, r: 22 cm). The PAM chamber was introduced by Kang et al (2007) and is described in detail
elsewhere [Kang et al., 2007; Kang et al., 2011; Lambe et al., 2011], but since Go:PAM was
developed as part of this thesis, it will be discussed in more detail.

As illustrated in Figure 3.2, the flows in the two OFRs are controlled in a similar way. In the
experiments in this thesis, the sample flow was added to the center of the flow reactor and the oxidant
flow with Oz and humidified air distributed across the reactor area to improve the mixing. In PAM, the
oxidant flow was introduced through a system of perforated tubes and in Go:PAM, a perforated plate
was used to distribute the oxidant flow across the tube cross section and facilitate mixing of the
sample. The exiting flows are controlled by the processed sample flow, sampled by the instruments,
and an exhaust flow. Only the central part of the flow is sampled to reduce wall interactions. To set the
total flow, three of the four flows were controlled and the fourth was open to ambient and thereby

closing the mass balance.

Go:PAM PAM

Sample flow
Oxidant flow

Oxidant flow ——
M v Processed sample flow

-

— Exhaust flow

Sample flow  —

~ -

s
L4
~

Exhaust flow
Processed sample flow

Figure 3.2 Schematics of Go:PAM and PAM
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Flow profile, residence time, flow mixing and particle loss are important characteristics of an OFR.
The flow profile and residence times was studied in the two OFRs by conducting tests with CO,. By
comparing Figure 3.4 and Figure 3.5, it can be seen that the residence time distribution is broader in
PAM compared with Go:PAM. Furthermore, as can be seen from Figure 3.4, the response time and
refresh time of PAM is long which gives limitation when studying rapidly changing emissions
sources. In contrast, as is seen in Figure 3.5, Go:PAM has both a short refresh and response time. The
residence time distributions of Go:PAM using a total flow of 10.13 Ipm is shown in Figure 3.3. From
these measurements it was found that the time for first detection of CO,, the median CO, residence
time and the time from injection until the concentration had dropped below 5% of maximum were 20,
37 and 92 s, respectively. The median residence time was used as the contact time in the chemical
model in Paper V. To ensure good mixing of the sample flow and oxidants flow, tests were conducted
by adding SO, in the two inlets in turn, and from Figure 3.6 it can be seen that the flows are well-
mixed in Go:PAM.

800 —
600 —
E
o
£ 400 -
o
o
200 —
o A
I 1 || 1 1 I 1
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Time (s)

Figure 3.3 The residence time distribution of Go:PAM. The contact time used in the chemical model is
indicated. The small peak at 4 s indicate time of introduction of a 5s square pulse of CO..
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Figure 3.4 Flow profile of CO, pulses to PAM a) 10 s b) 5 min
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Figure 3.5 Flow profile of CO, pulses to Go:PAM of a) 10 s b) 120-150s.
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Figure 3.6 (a) Concentration of CO, simultaneously measured in processed sample flow (solid) and exhaust
(dashed) and (b) concentration of SO, added in turn in the oxidant flow (1) and sample flow (2).
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Some particle loss in OFRs is inevitable. However, studies have found general small losses in PAM,
but with increased importance at smaller sizes [Karjalainen et al., 2016b; Lambe et al., 2011]. The
design of Go:PAM further limits particle wall losses by the flow tends to develop into a laminar flow
after initial mixing and by only the central part is sampled to the instruments. This restricts contact of
the aerosol sample with the wall, and reduces particle loss by diffusion. Regarding the particle loss,
the system has been used with a CPC as a reference point parallel to the EEPS. The EEPS to CPC
relationships without Go:PAM was 0.97, while if the EEPS sampled after Go:PAM it was reduced to
0.93. Nevertheless, for this work particle loss is of minor importance, especially since the focus is
on relative changes, and consequently these losses were neglected in the analysis.

An important feature of many OFRs is the possibility to produce OH radicals. In PAM and Go:PAM,
OH radicals are formed from photolysis of ozone at 254 nm and subsequent reaction of O(‘D) with
water (R2.6-2.7). PAM is equipped with two UV lamps (BHK Inc) which produce light with
wavelengths of 185 nm and 254 nm which enables production of both O; and OH. In this work,
however, the lamps were mounted inside Teflon-coated quartz sheaths, which blocked the
transmission of 185 nm light, and O; was produced up-streams by an ozone generator. A horizontal
cross section of Go:PAM is shown in Figure 3.7. The reactor is equipped with two 10W UV lamps
with wavelengths of 254 nm (Phillips TUV 30 W). The photon flux onto the reactor is enhanced by
two 90 cm long parabolic reflectors, one situated behind each lamp. Furthermore, to reduce the

inhomogeneity of the photon field, the tube is enclosed in a compartment of flat aluminum mirrors.

Figure 3.7 Horizontal section of the Go:PAM reactor. 1) 9.6 cm id quartz tube 2) UVC fluorescent tube 3)
Parabolic trough mirror 4) 90 deg. flat mirror 5) 45-90 deg. flat mirror 6) sheath metal cover 7) Square tubing
support structure. Graphic design by Evert Ljungstrom. Printed with permission.
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The production of OH radicals can be varied by changing water and O; concentration as well as
photon flux and residence time. Since the absolute concentration of OH radicals is difficult to measure
and determine, the OH exposure is a key parameter for data interpretation. The OH exposure can be
defined as the integral of the time-dependent OH concentration over the time that the sample is
exposed to OH radicals. Ideally, the OH exposure should be measured continuously, but it is a
challenge to find the right compound for this purpose. Therefore, the OH exposure often is estimated
in separate experiments by indirectly determine the decay of a known concentration of gas (e.g SO,
CO, formic acid) due to the reaction with OH radicals.

« —in (22) (Eq3.2)

OH exposure =
gas;

OH+gas

where Kon.gas 1S the rate constant between the used compound and OH, and gas; and gas; is the final
and initial gas concentration, respectively. In this work, the OH exposure was determined by

measuring the decay of SO, from the reaction with OH radicals.

In a OFR where OH is produced from photolysis of O3, hon- OH reactions can take place since the
sample is illuminated by UV light. Aromatic substances can absorb UV light, and therefore the
photolysis can influence the chemistry in the OFR. It is known that traffic emit aromatic compounds
[Dunmore et al., 2015]. Toluene is one example of an aromatic compounds emitted from traffic, and to
determine the importance of photolysis of toluene in Go:PAM, the relative photolysis fraction can be
calculated according to Eq. 3.2.

Photolysis rate at 254 nm

Relative photlysis fraction = (Eq. 3.2)

(Photolysis rate at 254 nm+reation rate with OH)

Given the calculated actinic flux in Go:PAM and assuming unity quantum vyield, the relative
photolysis rate of toluene in Go:PAM at the highest OH exposure was about 1 %. This indicates that
the main reaction of toluene is the reaction with OH radicals. To investigate the possible photolysis of
aromatics further in Go:PAM, flows containing toluene and trimethyl-benzene were exposed to the
lights in the Go:PAM, and no sign of reduction of these aromatics were observed when turning on the
UV-lights. This indicates that the chemistry in Go:PAM is driven by OH oxidation, and that the flow

reactor can be used to study atmospheric relevant aging processes.

22



3.1.3 Experimental set-up in the monoterpenes experiments

Figure 3.8 summarize the experimental set-up and aerosol characterization used in Paper I-l1l. In
Paper I, only G-FROST was used, and in Paper Il and 111, a combination of G-FROST and PAM were
used. The aerosol was characterized by particle size distributions in all papers. There was a focus on
the thermal properties of the aerosol particles in Paper I-11, whereas in Paper Il the focus was on the
chemical composition of the aerosol.

All experiments were started by adding the monoterpenes together with water, and in some cases also
OH scavenger, and the system was allowed to stabilize, often overnight. The monoterpenes (and in
some cases OH scavenger) were delivered to the flow reactors by letting a flow of N, pass the open
end of a diffusion tube which was kept a stable temperature, and the temperature controlled the
concentration of precursors. As the oxidant was added, the aerosol production started, and the aerosol
characterization started when a stable production was achieved. Whenever there was a change to the

system, the system got time to stabilize before the aerosol was characterized.

Acerosol characterization

Paper I-11:
Thermal properties

Mass and number
Size distributions

Paper II1:
Chemical composition

Mass and number
Size distributions

Figure 3.8 Schematic of the experimental set-up used in Paper I-111.
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3.2 Atmospheric simulation chambers

There are several atmospheric simulation chambers around the world varying in size, shape and
material, all with their benefits and drawbacks. SAPHIR, hosted by Forchungszentrum Julich, is
among the largest simulation chambers. The size of SAHPIR enables studies of longer time scales, and

reduces particle losses due to low surface to volume ratio.

3.2.1 SAPHIR

SAPHIR, shown in Figure 3.9, can be used for low concentration experiments close to ambient
conditions. It is a 270 m® cylindrical chamber of double walled FEP-Teflon. The Teflon allows natural
solar radiation to penetrate and enables studying atmospheric photo oxidation by natural sun light. The
chamber is kept under a constant pressure of 40 Pa above ambient, so 15 m® h™ of clean air is added in
order to compensate for sampled air and small leaks. SAPHIR is equipped with a suite of analytical

instruments for particle and gas measurements as well as for physical parameters.

Figure 3.9 The atmospheric simulation chamber SAPHIR. (Photo: Eva Emanuelsson)

The experiments in the SAPHIR chamber were initiated by adding the precursors to a clean,
humidified and dark chamber. The precursors were allowed to stabilize before ozone was added, and
immediately after the ozone addition, the roof was opened and the photo-oxidation started. The roof
was closed in the evening and opened again in the morning. The aerosol, both gas and particle phase
was continuously characterized, and in addition, during the final 2 hours each day, a more detailed

characterization of the thermal properties of the aerosol particles were conducted.
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3.3 Fuel related emission factors

Emission factors are a fundamental tool in inventories for air quality management and decision
making. It relates pollution to an associated activity, e.g number of CO, molecules emitted per km
driven or kilogram fuel burnt. In Paper V, fuel specific particle emissions factors were derived from
extractive sampling from the exhaust plumes of in-use buses. The measurements were conducted

according to Hallquist et al (2013), and the experimental set-up is shown in Figure 3.10a.
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Figure 3.10 a) Schematic figure of the set-up and b) example of changes in CO, (black) and particle mass (grey)
concentration when a bus passes the sampling inlet. RSD (Remote Sensing Device), EEPS (Engine Exhaust
Particle Sizer), HR-ToF-CIMS (High Resolution Time-of-Flight Chemical lonization Mass Spectrometer),
Go:PAM (Gothenburg Potential Aerosol Mass reactor).

As can be seen in Figure 3.10 b, the concentration of CO, and particles increase from their background
values as a bus passes the sampling inlet. From the time integrated background corrected

concentration changes, the fuel specific particle EF can be calculated according to Equation 3.2.

Aparticles

Fuel specific EFpgr = ( ACO, )EFCO2 (Eq 3.2)

where Aparticles and ACO, are the background corrected time integrated concentrations of particles
and CO,, respectively. In the calculations complete combustion is assumed, i.e. the emitted CO, is
assumed to be directly proportional to the fuel consumption. Furthermore, a carbon content of 86.1,
77.3 and 69.2 % for diesel, RME and CNG, respectively, were assumed [Edwards et al., 2014].
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4. Aerosols characterization

Changes in particle size distributions and particle concentrations give insight in processes important
for formation and aging of secondary aerosols. Particle concentration and size distributions have been
measured in all papers in this work (Paper 1-V). In this work there has been a special focus on the
thermal properties of the aerosol particles Paper (I-1V), measured with a Volatility Tandem DMA
(VTDMA), and an evaluation method for data from the VTDMA was developed during the course of

this work. In addition, the chemical composition of the secondary aerosol has been studied (Paper Il1).

4.1 Particle number concentration and particle size distributions

The particle number concentration and particle size distribution provide information on the properties
of aerosol particles, and monitoring changes are often of great interest when studying atmospheric
aerosols. A Condensation Particle Counter (CPC) measures the particle number concentration
continuously and online. The CPC consists of three main parts. The first part is a flow through
chamber where the air is saturated with a suitable compound (in this work 2-butanol) at a slightly
increased temperature. Then, the particles enter a cooled part where the gas becomes supersaturated
and the 2-butanol will condense onto the particles and the particles will grow into sizes that can be
detected optically. The last part is an optical laser based-device that counts the particles. A differential
mobility analyser (DMA) is used to create a monodisperse aerosol from a polydisperse aerosol.
Simplified, the DMA consists of a metal cylinder with a charged rod inside. The charged rod creates
an electrical field in the DMA and depending on their electrical mobility particles travel at different
speeds in the electrical field. Particles with a chosen electrical mobility will exit the DMA as a
monodisperse aerosol. By scanning over electrical field strengths in the DMA and using a CPC as a
detector, it is possible to measure a particle size distribution. The combination of a DMA and CPC is

known as a Scanning Mobility Particle Sizer (SMPS).

The SMPS needs a relative long time to capture data with high size resolution, and therefore the
instrument is not suited to measure size distributions from rapidly changing emission sources. In order
to measure real-time particle number concentrations and size distributions from a rapidly changing
emission source, an Engine Exhaust Particle Sizer Spectrometer (EEPS) can be used. The EEPS
measures instantly a full size distribution. The particles are separated by their electrical mobility in the
EEPS column and are detected by the induced current on 22 electrodes in the EEPS column which

enables measuring a particle size distribution from 5.6 to 560 nm with up to 10 Hertz resolution.
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To calculate size and mass from the methods descried above the assumptions on shape and density of
the particles are required. The density of SOA particles must be estimated when there is no direct
measurement available, and in Paper I-1V, the SOA particles are assumed to be spherical with a
density of 1.4 g cm™ [Hallquist et al., 2009]. Exhaust particles are geometrically very complex, and the
constituent is often unknown, so for comparative purposes, unity density and spherical particles were
assumed for all exhaust particles in Paper V.

4.2 Thermal properties

A volatility tandem DMA (VTDMA) has been used in this work to study the thermal properties of
SOA (Figure 4.1). The VTDMA is described in detail elsewhere [Jonsson et al., 2007; Salo et al.,
20101, and will only be presented briefly here. The general idea is to let monodisperse particles,
selected in the first DMA, evaporate in a heating unit and changes in size of the particles is monitored
by a SMPS. The heating unit consists of 8 parallel 50 cm long ovens which can be set at temperatures
from room temperature and up to 573 K. The residence time in the ovens is ~2.8 s. In order to avoid
re-condensation of the evaporated gases upon cooling, the aerosol is sent through charcoal denuders

before the SMPS system measures the residual particle size distribution.
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Figure 4.1 Schematic of the VTDMA system. Graphic design by Eva Emanuelsson. Printed with permission.
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Figure 4.3 Thermogram of pure pinonic acid particles (dashed) and oxidized a-pinene SOA (solid)
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Figure 4.2 shows an example of data obtained from the VTDMA. The peak median size of the residual
size distribution (Dp;) is normalized to the size of the reference selected by the first DMA (Dp) and
from this the volume fraction remaining (VFR) is calculated using Equation 4.1

_ Dpr 3
VFR = (Dm f) (Eq4.1)

In order to capture more details about the thermal properties of particles, VFR can be measured for a
range of temperatures for the same aerosol, and a so-called thermogram can be generated. Examples of
thermograms for two different types of aerosols are shown in Figure 4.3. However, qualitative analysis
of thermograms by simply comparing them is difficult hard, and therefore to enable better analysis of
the VTDMA data, a method using a sigmoidal curve fit to the data was developed. The thermograms
were fitted to the Equation 4.2

(VFRmax—VFRmin)

S .
Tposition VFR
1+ T

VFRy = VFRypin +

(Eq 4.2)

where the exponent, Syeg, describes the steepness of the curve and Tyosition determine the mid position
of the curve. VFRx and VFR, set the boundaries of the highest and the lowest VFRs, respectively.
In order to obtain the best fit to the data VFR.x and VFR, are not restricted a priori. In Paper I, Il
and IV, Tyrros, i.€ an indicator of the general volatility which is the temperature where 50% of the
particle volume has evaporated and the exponent, Syrr, determines the steepness of the curve and is a
measure the aerosol constituents volatility distribution. Furthermore, in Paper I, the semi volatile
fraction of the aerosol particle was defined as the VFR at 298K (VFRygg) and in Paper Ill, the
temperature where VFR was 0.1, Tvrro1, Was used as an indicator for least volatile fraction of the

aerosol particles.
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4.3 Particle chemical composition

The atmospheric concentration of many of the organic compounds in is very low. Filter sampling
enables sampling of large volumes of air which permits identification and quantification of
compounds of low concentration. Freshly formed a-pinene SOA were sampled by a filter/denuder
system and analyzed for their content of organic acids and dimer esters in Paper 1ll. The method is
described in detail in elsewhere [Kristensen et al., 2016; Kristensen et al., 2014] and will only be
briefly described here. The particle phase of the freshly formed SOA was sampled with a low-volume
sampler (LVS) denuder/filter sampling system. This allowed simultaneously capturing and hence
separation of gas and particle phase. The samples were analyzed by using an ultra-high-performance
liquid chromatograph coupled to the electrospray ionization source of a Bruker Daltonic quadrupole
time-of-flight mass spectrometer (UHPLC/ESI-QTOF-MS) operated in negative ionization mode. The
details on the extraction of the samples as well as operating conditions of the mass spectrometer are
described in Kristensen et al (2016).

4.4 Supporting measurements

In this work, gas measurements provide important supporting information, and most of the gas
measurements were done using standard continuous online methods: the ozone concentrations were
measured using an UV photometric method, SO, was measured using UV fluorescence method, CO,
was measured using a non-dispersive infrared gas analyzer. In addition in Paper IV, the VOC
concentration in the gas phase was monitored using a Proton Transfer Mass spectrometer (PTR-MS).
The proton transfer is a soft ionization method and can be used to detect unsaturated hydrocarbons
(e.g. monoterpenes), aromatic hydrocarbons (e.g. benzene) and most oxygenated hydrocarbons.
Furthermore in Paper 1V, the concentration of OH radicals were measured using the Differential
Optical Absorption Spectroscopy (DOAS) technique. In Paper V, a remote sensing device (RSD) was
used to measure NO, HC and CO. In Paper VI, the chemical composition of the aerosols particles was

measured using Aerosol Mass Spectrometers (AMS).
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5. Results and discussion

In this work formation and aging from oxidation of atmospheric relevant precursors has been studied.
Oxidation chemistry of selected biogenic compounds, oxidation agents and their effect on the thermal
properties of secondary organic aerosol were studied in Paper I-1V. In Paper V, emissions from in-use

transit buses were aged by exposing the plumes to high concentration of OH radicals.

5.1 Oxidation of biogenic emissions

The formation and properties of SOA formed from ozone and OH induced oxidation of a-pinene, -

pinene and limonene was studied in Paper I-111 by detailed laboratory studies.

5.1.1 Radical chemistry and water concentration

In Paper I, the effect of humidity and the radical chemistry on the ozonolysis of B-pinene was studied
in detail. A negative humidity effect on particle mass and number on the SOA produced by B-pinene
ozonolysis was observed. As can be seen in Figure 5.1, water is directly involved with SCI in the
formation of nopinone (R3a). Nopinone is believed to not contribute to particle mass due to its low
partitioning coefficient [Hohaus et al., 2015]. The humidity did not only affect the mass and number
concentration for B-pinene SOA formed, but also the thermal properties of the SOA were affected.
Generally, a less volatile SOA was formed from B-pinene oxidation at lower humidity compared with
higher water concentration. From Figure 5.1 (R3a and R3b) it can be seen that at lower humidities
more of the SClIs will react with a carbonyl forming a secondary ozonide (SOZ). Nopione, which also
is formed from the initial decomposition of the primary ozonide (POZ), can react with SCI and a Cyg-
SOZ is formed (Figure 5.2). This C13-SOZ has low vapor pressure and can facilitate nucleation and
contribute to SOA mass. The humidity effect on SOA formed from oznolysis of B-pinene is opposite
compared to SOA formation from ozonolysis of a-pinene and limonene [Jonsson et al., 2008b;
Jonsson et al., 2008a]. In the ozonolysis of a-pinene, an increased humidity will lead to an increased
production of acids that can lower the particle volatility and enhance particle formation [Jonsson et al.,
2008a; Jonsson et al., 2007].
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Figure 5.2 Formation of C13-SOZ from the reaction of the Co-SCI and nopione,starting from the SCI
channel shown in Figure 5.1.
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Figure 5.3 Formation of multifunctional oxygenated products by a sequence of radical reactions of -
pinene, starting with the alkyl radical from hydroperoixde channel shown in Figure 5.1.

The combined effects of changes in radicals and humidity observed in Paper | could not be fully
explained by the major reaction paths in the ozonolysis of B-pinene shown in Figure 5.1. However, in
the literature it has been suggested that SCI can rearrange into a hydro peroxide [Drozd et al., 2011;
Nguyen et al., 2009; Zhang and Zhang, 2005]. This reaction will directly compete with water and
could explain the water effect observed in Paper I. Furthermore, for hydro peroxides, as can be seen in
Figure 5.3., there will be a competition between HO, and RO, with HO, terminating the radical chain
reactions. In Paper | it was shown an increased SOA production with decreased HO,/RO, ratio. The
SOA formed with a low HO,/RO, ratio was generally less volatile compared to the SOA formed from
with a higher ratio. It can be seen from Figure 5.3 that higher concentration of RO, favor production of
carboxylic acids which can enhance particle growth and reduced particle volatility. Notably, RO,
concentration had no or small effect on the volatility of B-pinene SOA formed when the humidity was
high which indicates that the production of nopinone is favored even with high concentrations of RO,.
This is supported by increased high humidity leads to formation of a less complex aerosol. In
summary, the SOA production from the ozone-induced oxidation of B-pinene is sensitive to changes in

humidity with less and more volatile SOA formed with increasing humidity.
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5.1.2 Formation of dimer esters

Dimer esters contributed 5-16 % of the freshly formed SOA mass formed from ozonolysis of a-pinene
(Paper 111). Although no dimer esters were observed in the gas phase it is likely that they are formed
through gas phase reactions due to their low vapor pressures and the short reaction time. This
highlights their potential to be important for new particle formation. Recently, the gas phase
production of these compounds have been supported by recent subsequent ambient observations
[Mohr et al., 2017] and more laboratory studies [Kourtchev et al., 2016; Zhang et al., 2017].

The level of dimer esters was lower from the OH induced oxidation compared to the Oz induced
oxidation experiments which indicates that ozone is required in the initial formation. In Paper Ill, the
suggested mechanism for this formation involves a reaction with a SCI and an oxygenated organics
(e.g. carboxylic acid). There has also been a suggestion for dimer esters formation from the RO, self-
reaction [Zhang et al., 2015], with this reaction becoming more important at higher VOC
concentrations [Kourtchev et al., 2016]. In experiments in Paper Il it was found, however, that the
concentration of the most abundant dimer esters increased with an increased HO,/RO, ratio. This
indicates that these dimer esters are formed from the reactions involving SCI and oxygenated organics.
Moreover, the concentration of 20 of the 28 identified dimer esters decreased with increased HO,/RO,
ratio, and for these compounds formation trough the RO, self-reaction can be the dominating reaction
path. Based on these results it possible to speculate that in the ambient atmosphere both suggested
formation paths are available. This is further supported by recent ambient measurements of dimer
esters [Mohr et al., 2017].

The experiments in Paper III were done using a-pinene as a SOA precursor, but in principal could
same reaction paths be available for other monoterpenes. For example, in the f-pinene ozonolysis, as
already discussed and shown in Figure 5.2, a higher concentration of RO, will increase the formation
of carboxylic acids. The acids formed can then be available for the reaction with SCI which in turn can
lead to the formation of dimer esters. Furthermore, high concentration of RO, will also enhance the
RO, self-reaction which also can enhance to the formation of dimer esters. This formation is supported
by observations of dimers in the dry ozonolysis experiments with B-pinene with low HO»/RO, ratio
[Kolesar et al., 2015]. Although the ambient concentration of these compounds probably is low, they

can be of importance due to their ability to form new particles.
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5.1.3 Thermal properties of freshly formed SOA

The oxidation conditions affect the formation of monoterpene SOA, and this was studied in Paper |
and Il. An increased extent of OH based oxidation of a-pinene, B-pinene and limonene increase the
volatility, seen as a decreased Tyrros, and complexity, seen as increase in Syrr, Of the SOA formed.
Products formed from the ozonolysis can have higher addition of oxygen to the molecule, and
therefore a larger degree of functionalization and lower volatility. The use of OH scavenger reduces
the number of available reactions paths, and by that limit the number of products that can be formed.
In contrast, with increased the OH exposure the number of available reaction channels will increase

which will lead to broadening of the volatility distribution.

In Paper Il it was shown that SOA produced from ozonolysis of limonene is generally less volatile
than SOA produced from ozonolysis of a-pinene and B-pinene. This is in accordance with previous
reported findings on volatility of a-pinene and limonene SOA [Jonsson et al., 2007; Kolesar et al.,
2015; Lee et al., 2011]. Furthermore, as can be seen in Figure 5.5b, the fraction of the least volatile
compounds (Tvrro1) Was also higher in ozone induced limonene SOA compared to the fraction in
SOA formed from ozonolysis of a-pinene and B-pinene. These findings are in line with recent studies
on formation of ELVOC from monoterpene oxidation [Ehn et al., 2014; Jokinen et al., 2015].
Furthermore, limonene SOA is more complex compared to a-pinene and B-pinene SOA. The
difference between limonene and the pinenes can to a large extent be explain by the fact that limonene
has two double bonds which makes it possible for oxidants to react with both double bonds. This
allows formation of a wider range of products with higher functionalization. Furthermore, it was found
that there is no major difference in the volatility of the ozone induced SOA formed from a-pinene and
B-pinene, which is in line with the results of Kolesar et al (2015) and Lee et al (2010). Recently,
laboratory studies found formation of terpenylic acid and CqH1405 compounds in SOA formed from
the ozonolysis of a-pinene and B-pinene [Sato et al., 2016], which can be an explanation to why there

is no major difference in the volatility of ozone induced SOA from a-pinene and p-pinene.

The difference in complexity between pure ozone induced SOA and ozone induced SOA with an
influence of OH radicals was smallest for limonene. This indicates that the relative influence of the
OH chemistry is more important for a-pinene and f-pinene than for limonene. For the pinenes, an
enhanced OH exposure will lead to formation of more products which can contribute to particle
formation and condensational growth. Limonene is less sensitive for increase of OH radicals since the
products formed from the ozonolysis of limonene are already efficient in particle production [Jonsson
et al., 2007].
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Figure 5.5 Tyrros (@) and Tyero1 (b) plotted as functions of Sygg for a-pinene (circles), -pinene (triangles) and
limonene (squares) in the pure Oz experiments (blue), the combined OH and O3 experiments (closed) and OH
(open) experiments. Darker markers correspond to higher levels of OH exposure.
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In PAM and G-FROST, independent of precursors and oxidation conditions, a substantial fraction of
the freshly formed SOA was semi volatile, defined by the fraction of the particle evaporated at 298 K
(Figure 5.4). Notably, the evaporation is rather an effect of dilution than of heating. As the sampled
aerosol enters the VTDMA, the sample is diluted by the sheath air in the first DMA. In addition, a
large fraction of the total organic mass is removed as the monodisperse aerosol is created. As can be
seen from Equation 2.1, this combined dilution of both the gas phase and removal of organic particle
mass in the VTDMA, will lead to evaporation of semi volatile compounds (SVOC) from the particles.
There have been observations large SVOC fractions of freshly formed SOA in atmospheric simulation
chamber studies containing [Donahue et al., 2012; Salo et al., 2011; Vaden et al., 2011]. However, in
this work, the fraction of SVOC in freshly formed SOA in SAPHIR was masked due to a different
choice of reference used in the VTMDA. To conclude, monoterpene oxidation will lead to production
of compounds with a wide range of volatilities which will be important for both new particle

formation and condensational growth of atmospheric particles.
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5.2 Aging of Secondary Organic Aerosols

Atmospheric oxidative aging of SOA can be simulated by exposing precursors to increased OH
exposure. The effect of oxidative aging of biogenic SOA was studied using an OFR by increasing the
OH exposure (Paper 1), and in an atmospheric simulation chamber by oxidation induced by natural
sunlight (Paper V).

5.2.1 Oxidative aging in OFRs and chambers

Aging of SOA can be studied in OFRs and atmospheric simulation chamber; however, there are
important differences between the two systems. The differences can be illustrated by the changes in
particle mass and number concentration in PAM and SAPHIR (Figure 5.6). In SAPHIR, where the OH
exposure is accumulated during the light hours, there is an increase in particle mass and number
concentrations the first three hours of the experiments, but due to dilution and deposition, the particle
mass and number concentrations will decline over time. For experiments using the PAM it is a general
increase in particle mass and number with OH exposure. However, in the PAM it is possible to
achieve much higher OH exposures compared to in SAPHIR, and at very high OH exposures the mass
concentrations in PAM can start to decline which is an indication to that fragmentation of compounds
becomes more important [Kang et al., 2007; Lambe et al., 2011; Palm et al., 2016].
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Figure 5.6 Changes in monoterpene concentration (markers), OH dose (dashed) and particle mass
concentration (solid) during one typical experiment in SAPHIR. The periods where the roof is open is indicated
in grey (a), and changes in PAM particle mass concentration plotted as functions of OH-exposure for a-pinene
(circles), p-pinene (triangles), limonene (squares) (b)
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As can be seen in Figure 5.7, also the thermal properties of SOA evolve differently due to aging in the
two systems. In SAPHIR, the Tyrres increased with increasing OH exposure, and it was found that the
OH exposure was the major driving force for this decrease. In contrast in PAM, no change in the
Tvrros Was observed with increased OH exposure. The SOA formed in PAM reflects compound
distribution with a range of OH exposures, and therefore the SOA always contains a fraction of less
oxidized compounds. In addition, as the total organic mass in PAM is increasing with OH exposure,
more of gas-phase semi volatile compounds will partition towards the condensed phase. These
combined effects lead to no change in volatility with increased OH exposure in PAM. On the other
hand, as can be seen from Figure 5.5b, the fraction of lower volatile products (Tvero1) IS increasing
with increasing OH exposure in PAM which will lead to broadening of the volatility distribution. Due
to the successive dilution in SAPHIR, condensed phase products can be redistributed to the gas phase,
and be further oxidized into compounds with lower volatility. There will be a higher net outflow from
the particles of high volatile compounds, while low volatile compounds will stay in the particle. This
will lead to an overall decrease in volatility, as well as narrowing the volatility distribution. Although
the OH exposure was found to be the major driver to reduced volatility in SAPHIR, it should also be
noted, that the long time scales makes it possible for slower reactions to take place which can also lead

to a further reduction in volatility.
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Figure 5.7 Tyrros (@) and Syer (b) plotted as functions of OH-exposure for a-pinene (closed circles), S-pinene
(closed triangles), limonene (closed squares) and for SAPHIR (open circles).

39



5.3 Production of secondary aerosol mass from exhaust emissions

As a part of this work a OFR, called Go:PAM, has been developed which enables studies of secondary
particle formation from rapidly changing emissions source. Go:PAM was used to study formation of
secondary particle mass of exhaust emissions from 29 in-use transit buses under real-world conditions
(Paper V). In order to better interpret the data, a chemical kinetic model was developed. This model

was used to derive the minimum OH exposure for each plume measurement.

5.3.1 Studying exhaust emissions with Go:PAM

Figure 5.8 displays an example of four consecutive bus plumes sampled through the Go:PAM, where
CO, was measured before and particle mass after the Go:PAM. After the bus passed the sampling
inlet, the particle background concentration was reached within minutes. This allows studies of rapid
changing emission sources, and furthermore, the short refresh time enables studies of high number of

bus individual in relative short time period.
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Figure 5.8 Example of data from the bus measurements. The concentration of CO, (black line) was measured
before the Go:PAM and the particle mass (grey line) after the Go:PAM.

For the standard set-up sampling ambient air without the emission plume, an OH-exposure of around
5x10"" molecules cm™ s was derived. This represents obviously the upper limit since the OH-exposure
will be reduced by increased OH reactivity of compounds in the plumes and by NO titration of the OH
precursor Os. So in order to better interpret the data, a simple chemical kinetic model was developed to
estimate the minimum OH exposure in each plume. The model is based on kinetic data used by Peng
et al (2015), with minor corrections and modifications to match the Go:PAM conditions. For every

single passage, the maximum concentration of carbon monoxide (CO) and total emitted hydrocarbon
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was estimated using the RSD data, and this was used to calculate the external OH reactivity. For the
CNG buses, formaldehyde was used as a proxy for reactivity of the hydrocarbons [Karavalakis et al.,
2016] and for RME and for the diesel buses toluene was used to represent the reactivity of the
complex mixture [Montero et al., 2010]. Furthermore, the maximum plume concentration of NO was
also estimated, and this was used to calculate the reduction in OH production due to the concentration
decrease of Oz. These plume maximums together with additional information about the absolute
humidity, ozone concertation and residence time was used to model the minimum OH exposure for
each plume. The modelled OH exposure varied from 2.4x10° to 2.2x10" molecules cm™ s. The
modelled minimum OH exposure facilitates a more realistic interpretation of the secondary particle

formation of plume emissions.

5.3.2 Secondary particle formation of emissions from in-use transit buses

Fresh and aged exhaust emissions from 29 individual buses running on diesel, CNG and RME were
studied. 5 of the 11 RME buses were hybrid electric vehicles. In total 348 plumes were extracted and
analyzed. From Figure 5.9 is can be seen that the primary particle emissions depend on the fuel.
However, for the formation of secondary mass the picture is not as clear. The diesel buses had the
highest median EFpm.ageq, and following in the descending order by RME, RMEey and CNG. In
parallel to this work, chemical analysis of the exhaust plumes found a large fraction (37-72%) of the
identified compounds from all fuel types [Le Breton et al., 2017]. This indicates that there is an
important non-fuel related source for the secondary particle formation, and one suggested source for
this can be co-emissions of lubrication oil and/or fuel additives [Le Breton et al., 2017]. Furthermore,
all fuel types were represented among the 5 buses forming the highest secondary mass at similar OH

exposure, supporting a non-fuel dependent fuel source.

As can be seen from Figure 5.9, independent of fuel and technology, generally the secondary aerosol
mass was much higher than the primary aerosol mass. For 79 % of the buses the average aged mass
was 10 times higher than the fresh particle mass. The increase was largest for the RME and the CNG
buses, with EFpm:.ages With 53 and 50 times higher than EFpw.fesh, respectively. This increase was
smaller for the diesel (7) and the RME,ey (5) buses. However, it should be noted that in absolute

numbers EFppm.aged Was the largest for the diesel and RME buses.
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Figure 5.11 EFpm:.acep Versus average EFpy.rresy for all the studied bus passages with respect to fuel type as a
function of OH exposure (range: 5.0x10%- 1.48x10" (CNG 2.17x10%?) molecules cm™ s)

As shown in Figure 5.9, there is a significant variation in the secondary mass formed between the
different passages of the same bus, and as illustrated in Figure 5.10, this variation depends primarily
on the emitted compounds and their dilution before being sampled into Go:PAM. An increased OH
reactivity will decrease the OH radicals available for oxidation of compounds which leads to a
decrease in formation of secondary particles. Furthermore, Figure 5.11 shows the estimated minimum
OH exposure for each plume, and as can be seen for RME, RMEpgy and DSL buses most of the
variation in the EFppm.ageq Can be explained by differences in the minimum OH exposure. For the CNG
buses, on the other hand, the trend is less clear. This indicates that there are larger differences in the
chemical composition of the emissions between the passages of the same CNG bus compared to the
buses running on the other tested fuels. This is supported by larger variation in the gaseous emissions
and primary particle emissions for CNG buses compared to RME and DSL. Furthermore, Figure 5.11
shows that there are some passages where there is a large production of secondary particle mass even
at low minimum OH exposure. In these cases, there were supposedly high emissions of compounds
more prone to form secondary aerosol mass in these passages. In summary, the results show quite
clearly that the formation of secondary particles strongly depends on the OH exposure, and this
indicates that in order to correctly interpret data from plume measurements it is a key to either measure

or model the actual OH in the OFR for each plume.
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6. Atmospheric implications

A key question needed to be discussed in order to understand and interpret the atmospheric
implications of this work is: What does laboratory studies of secondary aerosols tell us about the
aerosols in the ambient atmosphere? Laboratory studies are an essential link between ambient
measurements and modelling of the atmosphere [Burkholder et al., 2017], and therefore a key needed

when designing air quality strategies and predicting the climate forcing of SOA.

This work shows that freshly formed monoterpene SOA comprise compounds with a wide distribution
of volatilities ranging from semi volatile compounds to compounds with extremely low volatility.
Monoterpene oxidation products will therefore in the atmosphere contribute both to the formation of
new particles and to particle growth by condensation, and this demonstrates the importance of
including parametrization of monoterpene oxidation in order to predict the climate forcing of SOA.

The detailed laboratory studies on the atmospheric monoterpene oxidation give insight on how this
SOA formation can be parametrized. The combined results from Paper I-1l emphasize the impact of
the chemical structure of monoterpenes on their efficiency to produce secondary organic aerosols
(SOA) and on the thermal properties of the aerosols formed. First of all, there is a striking difference
in formation of SOA from limonene compared to a-pinene. This, together with recent findings on
production of compounds with extremely low volatility from the ozonolysis of limonene [Ehn et al.,
2014; Jokinen et al., 2015; Mentel et al., 2015], calls for incorporation of limonene oxidation in the
parameterization of SOA formation. Whereas it is of high priority to incorporate limonene
parameterization, the results in this work indicate that at this stage it is of less importance to include
parameterization of SOA formation from f-pinene oxidation. The results, combined with relatively
low atmospheric concentration of 3-pinene compared to a-pinene [Hakola et al., 2012] and the slow
reaction rate of B-pinene with ozone [Atkinson and Arey, 2003], justify not prioritizing this
parameterization. However, it should be kept in mind that the differences in response for endo- and
exo-cyclic monoterpenes would make any inclusion of the SOA parameterization more realistic, and

could improve the prediction of the climate forcing of SOA.

Atmospheric aging of SOA can be studied both in atmospheric simulation chambers and oxidation
flow reactors (OFR), and comparison to ambient measurements have shown that both systems can
produce aerosols with typical real atmosphere characteristics [Bruns et al., 2015; Chhabra et al., 2015;
Kang et al., 2011; Ortega et al., 2016]. The present work, however, reveals that there are important
differences between the two systems influencing the evolution of thermal properties. In the two

systems, different processes drives this evolution: In larger atmospheric simulation chambers, such as
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SAPHIR, there is a successive dilution of the sample which together with increased OH exposure
leads to a reduction in particle volatility as the aerosol is aged. In OFRs, on the other hand, an
increased OH exposure will lead to faster oxidation and enhanced particle mass production. This will
lead to more semi volatile compounds partitioning towards the condensed phase, and at the same time,
higher OH exposure also leads to secondary oxidation providing lower volatility products. Together,
this will broaden the volatility distribution of the compounds in the particles. In the atmosphere,
however, there will both be successive dilution of the aerosol and an inflow of fresh material. As an
example, imagine an air parcel which moves from an atmosphere influenced by biogenic emissions to
an urban atmosphere. Above the canopy there will be successive dilution of the biogenic compounds,
but as the air parcel is transported towards an urban environment there will also be an enhanced inflow
of fresh anthropogenic emissions. Therefore, to understand formation and aging of secondary aerosols

in the atmosphere, data from both flow reactors and chambers are needed.

Formation and aging of secondary aerosols also affect people’s health directly by influencing the air
quality in urban areas. There can be a significant formation of secondary aerosols from traffic-related
emission sources [Gentner et al., 2017], and the contribution of air pollutants from heavy duty vehicles
(HDV) is often substantial [Enroth et al., 2016]. Therefore the choice of fuel and technology of HDV,
including transit buses, can affect the quality of life for a considerably number of people. In this work,
it was found for in-use transit buses under real-life driving conditions that the secondary particulate
mass was 10 times higher than the primary particle emissions. Although in this work only emissions
from transit buses were studied, the secondary particle formation from other vehicle categories and
emission sources (e.g. shipping and industry) that influence urban areas should also be investigated.
This result calls for the consideration of the secondary particle formation when evaluating the

environmental impact of different emission sources.

To conclude, this work highlights the importance of understanding formation and aging of secondary
aerosols in order to ensure high quality of life for as many as possible. The results provide insight into
processes that are important for a more accurate prediction of the climate forcing of SOA.
Furthermore, the results emphasize the importance of including secondary particle formation when

designing air quality strategies.
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