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understand the roles they play in the detrimental effects of air pollution on human health, and in the energy budget of
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— is uniquely challenging to characterize. To meet this challenge, I have deployed a Soot-Particle Aerosol Mass
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and by inference hygroscopic accumulation mode particles. The transformation occurred under cold and humid
conditions, despite limited photochemistry. Coupled ammonium nitrate and liquid water condensation was identified
as the main cause of the transformation.

The processes controlling soot emission and transformation are elusive. Understanding has been impeded, despite
considerable attention from the scientific community, by two inherent soot properties: stability and irregular shape.
The same properties were exploited here, using state-of-the-art instrumentation to measure the physicochemical
properties and atmospheric transformation of soot particles.
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APM
ARI
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BrC

CCN
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CpPC

5550

DMA
DSF
Ep

Er

Es

Wavelength

Standard deviation

Angular velocity

Absorption Angstrom Exponent
Air beam

Aerosol-cloud interaction

Aerosol Mass Spectrometer
Aerosol Particle Mass analyzer
Aerosol-radiation interactions
Black carbon, see “Soot and related terms”
Brown carbon

Species mass concentration

Cloud condensation nuclei
Collection efficiency
Condensation Particle Counter
Characteristic particle diameter
Aerodynamic diameter

Vacuum aerodynamic diameter
Mobility diameter

Differential Mobility Analyzer
Dynamic shape factor

Particle bounce component of CE
Lens transmission component of CE

Beam divergence component of CE
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EI
ERF
HGF
HR

IR
IToF
LAC
m/z
mlE
"y
nR-PM
OA
OSc
PAM
PAH
POA
PM
PM;
PSL
PToF

rBC
rCH,"
rC.O,"

9
RF

RIE

SLCF
16

Electron ionization

Effective radiative forcing

Hygroscopic growth factor

High resolution

Ion rate

Infrared

Ion Time-of-Flight

Light absorbing carbon

Ion mass to charge ratio

Mass specific ionization efficiency

Particle mass

Non-refractory PM

Organic aerosol

Average carbon oxidation state

Potential Aerosol Mass chamber

Polyaromatic hydrocarbon

Primary organic aerosol

Particulate matter

Volumetric mass concentration of PM with D, < x pm
Polystyrene latex

Particle Time-of-Flight

Radius

Refractory black carbon, see “Soot and related terms”
Carbon and hydrogen containing ions from rBC
Carbon and oxygen containing ions from rBC
Volumetric sampling flow rate

Particle charge

Radiative forcing

Relative ionization efficiency

Short-lived climate forcer



SMPS Scanning Mobility Particle Sizer

SOA Secondary organic aerosol

SP2 Singe-Particle Soot Photometer
SP-AMS Soot-Particle Aerosol Mass Spectrometer
PSAP Particle Soot Absorption Photometer

U Voltage

UMR Unit mass resolution

uv Ultraviolet

v Gas velocity after expansion

v Gas velocity in lens

v, Particle velocity

Soot and related terms

In addition to being uniquely interesting, and important with regards to climate
forcing and adverse health effects, soot particles are also uniquely confusing. This due
in part to the alternating terms in the literature that denote the same thing (the same
thing has different names), and to the inconsistent usages of these terms (the same
name refers to different things). Petzold and et al." have attempted to mitigate this
issue though suggestions on terminology. These suggestions have been followed in
this research. The key terms are summarized and discussed below.

Soot: Carbonaceous particles formed from incomplete combustion. Refers to the
entire particle as it occurs on emission, without reference to specific properties (other
than carbonaceous), or the means of detection. A particle that has grown by
condensation onto a soot particle, or that has had soot particles impacted on it, is
referred to as a soot containing particle. I believe soot has the advantage of being a
generally accessible term, as it is part of the vocabulary of many non-specialists. It is
also commonly used in the combustion science community in contexts where some of
the subtleties required in environmental sciences are redundant (e.g., there is no need
to specify whether nonexistent organic coatings are included in the particle in-flame).
By atmospheric ageing of soot I mean the processes which determine the evolving
properties of the soot and soot containing particles in the atmosphere.

Black carbon (BC): A qualitative description referring to materials that share the
following five properties: strong light absorption (>5 m®/g at 550 nm), graphite-like
structure (a large fraction of sp® bonded carbon), thermal stability (volatilization
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temperature near 4000 K), insolubility in water or other solvents, and fractal like
morphology which consists of agglomerates of tens to hundreds of spherules between
<10 nm and ~50 nm. It is customary to refer to these spherules as primary particles.
Because the term “primary particles” is also used to describe PM which emitted, as
opposed to formed in the atmosphere (called secondary, see section 2.1), which is true
of the agglomerates as well, the small spherules will henceforth be refed to as BC
monomers (also frequently used in the literature) instead. This has the added value of
emphasizing that the BC (agglomerate) particle consists of smaller sub-units.

Refractory black carbon (rBC): Black carbon as measured by the Soot Particle
Aerosol Mass Spectrometer (SP-AMS). The salient feature of the article by Petzold et
al.! is that when measurements are discussed, the word used to describe the measured
black carbon (or black carbon containing) particles should reflect the technique used.
For SP-AMS data, the term rBC is used because both thermal stability and light
absorption are used (see section 3.1.1) to detect the particles.

Light absorbing carbon (LAC): Optically defined quantity, determined through light
absorption (the unit is m™). In the research presented here, LAC was measured by
means of filter deposition at seven wavelengths (see section 3.2.4). The LAC
measured at each wavelength was operationally divided into “black” and “brown”
carbon (BrC) by postulating that only BC absorbs infrared light, and that BC
absorption can be extrapolated from the infrared to ultraviolet using the absorption
Angstrém exponent (AAE) 1.
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Populirvetenskaplig sammanfattning

Sotpartiklar i atmosfiren 4r en del av klimatfrigan som ir i sirskilt stort behov av
utredning. Dessutom har det visat sig, att samma partiklar orsakar mycket stora
hilsoproblem; globalt, pa Europeisk niva, och till och med i férhallandevis férskonade
linder som Sverige.

Vi vet nu nistintill helt sikert att minsklig paverkan leder oss in i ett varmare klimat.
Vi behéver bittre forstd hur, och hur fort, for att kunna hitta de bista losningarna.
Luftburna partiklars paverkan pa klimatet 4r den storsta killan till osikerheter, och
sot dr den viktigaste, men samtidigt mest komplicerade partikeltypen. Manga
partiklar har naturligt ursprung: de dr inte ett resultat av minskliga aktiviteter.
Sotpartiklar diremot kommer i stor utstrickning frin utslipp orsakade av minniskor.
I Europa kommer de flesta sotpartiklar fran dieselmotorer och vedeldning, det ir de
partiklarna som jag har studerat i denna avhandling.

De flesta partikeltyper bidrar till att bromsa klimatférindringarna genom att
reflektera tillbaka solljus till rymden. Sotpartiklarna har ju den utmirkande
egenskapen att de 4r svarta, och gor dirfor istillet problemet virre genom att effektivt
absorbera solljus. Molnbildning ar en mycket viktig del av partiklarnas roll i klimatet.
Framf6rallt sprider molndroppar, likt partiklar, solljus tillbaka till rymden; de
bromsar klimatfrindringarna. Moln, och i forlingningen regn, ir ju ocksé viktigt for
annat dn klimatfrindringar! Varje molndroppe har frin borjan varit en partikel: utan
partiklar, blir det inga moln. Det 4r dock inte alla partiklar som kan bilda
molndroppar.

Vira experiment visar till exempel att sot som nyligen slippts ut av dieselbilar inte alls
bildar molndroppar i atmosfiren. Nir utslippen bestralas med UV-ljus forindras
dock sotpartiklarnas egenskaper, och de kommer dirfor att bérja paverka
molnbildning efterhand. Det beror pd att organiska foreningar bildas, som
kondenserar pa sotet. Vi har ocksd visat att avgaser frin bensinbilar ir en effektiv killa
till sadana organiska foreningar. Nir de organiska féreningarna kondenserar pa sotet
forindras dess karaktdr helt. Det firska sotet bestdr av spretiga agglomerat som vatten
inte kan kondensera pa. Den organiska beliggningen bidrar férutom dll ate
sotpartikeln kan ta upp vatten, ocksé till att dess form idndras. Man vet inte med
sikerhet vilken roll formen spelar for sotpartiklars roll i klimatforindringar, eller for
deras hilsoeffekter, men det finns skil att tro att formen ir viktig till exempel for
ljusabsorption.
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Vi har ocksd kommit fram till, att dieselsot indrar karaktir ovintat fort i atmosfiren.
Vi mitte vintertid sotpartiklar vid en gata i centrala Képenhamn, och pa Soderasen,
cirka sex mil dirifrin fagelvigen. Sedan valde vi ut tidpunkter di luften pa Séderisen
hade passerat 6ver Képenhamn. Vi kunde direfter sluta oss till att de partiklar som
cirka fem timmar tidigare nir de slippts ut i Képenhamn varit helt firska, hade
transformerats till aldrade partiklar under transporten 6ver sundet. Detta var en
ovintad upptickt eftersom det fanns begrinsat med UV-ljus, som normalt ir sjilva
drivkraften for transformationen. Vi har kommit fram till att det var samverkan
mellan oorganiska foreningar och vatten som astadkom den snabba transformationen.

Vira studier av vedrok visar att det dr vildigt viktigt for utslippen hur eldningen
skots. Vira mitningar visar att nir det brinner for intensivt i en vedkamin, okar
utsldppen av klimat- och hilsopaverkade partiklar. Det ir ju tydligt f6r envar att for
langsam eldning, dir veden ligger och pyr, dr daligt. Det véra resultat visar dr att
motsatsen: for intensiv, snabb eldning, leder till andra typer av utslipp. De utslippen
kan ha minst lika stor paverkan pd hilsa och klimat, men 4r mindre uppenbara.
Mycket av partikelmassan frin sidan eldning bildas till exempel efter att utslippen
aldrats flera dagar i atmosfiren!

En av anledningarna till att just sotpartiklar 4r sa komplicerade att reda ut ir att det dr
svart att mita deras egenskaper. Till bade form och innehall skiljer de sig nimligen
fran de flesta av de luftburna partiklarna. De bestar till stor del av grafitliknande
material som inte enkelt gar att [6sa upp, och kriver mycket héga temperaturer for att
foranga. Luftburna partiklar i allmidnhet 4r en utmaning for mittekniken: de viger
tillsammans normalt sett mindre 4n en tiondels miljondel av luften som bir upp dem.
Om man samlar in partiklarna pa ett filter paverkar man ofta egenskaperna som miits.
Dirfér har jag anvint ett nyligen utvecklat mitinstrument: sotpartikel-
aerosolmasspektrometer  (SPAMS).  SPAMSen  foringar  sotpartiklarna  utan
filterinsamling med hjilp av en kraftfull laser, och sedan analyseras dngorna. Eftersom
analysen sker i princip i realtid gir det att folja snabba forlopp som vedeldning. Ingen
av studierna i avhandlingen hade varit mojlig utan SPAMS.
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1. Background

1.1 Why study aerosols? Why focus on soot particles?
Why use aerosol mass spectrometry?

Aerosol particles are strongly linked to the global burden of disease and human-
induced climate change — the latter of which is arguably the main challenge our
species is currently facing. But aerosol particles have also been central in shaping our
world. Without them there would be no clouds on planet Earth, and consequently no
rain. Aerosol particles from volcanic eruptions and/or asteroid impacts are also the
main suspects in what caused the mass extinctions that set the stage for life on Earth
as we know it today. The World Health Organization (WHO) attributes one eighth
of the deaths which occured in the year 2012 to air pollution®. Aerosol particles are
known to play a major role in health outcomes from air pollution. The
Intergovernmental Panel on Climate Change (IPCC) recently assessed that “clouds
and aerosols continue to contribute the largest uncertainty to estimates and
interpretations of the Earth’s changing energy budget™. Hence, there are good
reasons to study aerosol particles: to attain a fundamental understanding of the Earth
system, and to mitigate major societal problems.

There are two features that make soot uniquely interesting among aerosol particles.
The first is that soot particles, and soot-containing particles, are very efficient light
absorbers. They absorb sunlight which would otherwise have been reflected back into
space. This affects the accumulation and distribution of heat in the Earth system. The
second feature is that the characteristic length scale of soot is very small, even
compared with other aerosol particles: tens of nanometers. In contrast to many other
particle constituents, this scale does not change in the atmosphere. The soot part of a
particle will neither grow nor shrink after emission (several particles can coagulate
into a bigger one, but they are still separate). Small things have large surfaces, in
relation to their mass, and soot particles can have more than 100 square meters
surface area per gram’. Many interesting and important things happen at surfaces:
gases are adsorbed and chemical reactions are catalyzed.

The use of in-situ aerosol mass spectrometry” ¢ has revolutionized our understanding
of organic aerosols’. That is because an aerosol is a very dilute and dynamic system.
When concentrated, collected and transported for subsequent analysis elsewhere, the
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system is perturbed and will evolve in ways which are not always readily accounted
for. In addition to organic and inorganic (non-carbonaceous) aerosol particle
constituents, the aerosol mass spectrometry technique was recently improved to
include soot®. It remains to be seen what we will learn about soot as a consequence,
but the research presented in this thesis features some early applications of this
expanded technique: the Soot-Particle Aerosol Mass Spectrometer.

I have used the recently developed Soot-Particle Aerosol Mass Spectrometer to
investigate two of the main sources of soot particles: residential biomass combustion
and diesel-powered vehicles. Laboratory experiments were performed which simulated
the atmospheric ageing of soot particles under controlled conditions. Ambient
measurements were also carried out that show how soot particles can transform in the
atmosphere after emission.

1.2 Aim and objectives

The aim of the research presented was to elucidate the processes that govern the
emission and atmospheric ageing of soot particles. These processes determine
particles’ physicochemical properties, which in turn determine their impacts on the
Earth’s climate, and on human health. In order to quantify the impacts of soot
emissions, models are needed which adequately describe the particles: models which
originate from and are validated by empirical observations. My objective has been to
make and interpret such observations, specifically pertaining to:

I) The influence of wood combustion conditions on the amount and properties
of the primary particles emitted, and secondary materials formed from the
emissions after atmospheric ageing.

II) The initial (hours-days) atmospheric ageing of light-duty vehicle emissions,
especially diesel soot: under controlled conditions in the laboratory, and in
ambient air.
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2. Introduction

“A working party is, however, and in strict accordance with Government policy,
considering legislation to compel those in Fresh Air Surplus areas into wearing gas
masks connected to bottles of potted smog.”

From the short story, “Kindly Breathe in Short, Thick Pants” about Britain’s fictional
1976 fresh air crisis, by Terry Prachett (1948-2015), in A Blink of the Screen: Collected
Short Fiction, 2012, p. 62.

The Earth’s atmosphere contains suspended particulate matter (PM). This matter is
ubiquitous, but varies considerably in its properties, both intrinsically and with
regards to concentration. However, the particles are clearly (at least conceptually)
separated from the bulk of the atmosphere’s mass by a difference in phase: particles
being liquid, solid or in-between. The term “aerosol” refers to such suspended
particles and the gases which carry them collectively. (This definition is generally
agreed upon by those who work in the field; however, many scholars use the word
“aerosol” to denote the particles in isolation, causing irritation and to a lesser extent
ambiguity.)

While it has long been known that some of these particles have an adverse effect on
human health (e.g., miners suffering from respiratory diseases due to dust inhalation),
the integrated impacts of atmospheric aerosol particles are still poorly bounded. This
is partly due to a lack of understanding of the processes that form the particles and
determine their physicochemical properties. In order to understand the effects of the
particles, their properties have to be determined. Atmospheric transformation also
changes the particle properties, exacerbating the complexity of determining their
impacts.

Atmospheric particle abundances are often expressed in terms of volumetric number
or mass concentration, both of which may vary by five orders of magnitude. Ambient
number concentrations can range from a few particles to hundreds of thousands of
particles per cm’. The ambient mass concentration per m® ranges from nanograms to
hundreds of micrograms. In terms of single particle size, there is also a big span:
particle diameters range from a few nanometers, (below which the phase is ill-defined
and the word “cluster” is typically used instead), to a few tens of micrometers, above
which the gravitational settling will prevent extended periods of suspension. In terms
of mass, that corresponds to a difference by twelve orders of magnitude: comparing
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the smallest and largest particles is equivalent to comparing one chicken and
hundreds of millions of elephants. When it comes to mass concentrations of
particulate matter, which is the focus of this thesis, the abbreviation PMy (where x is
usually 1, 2.5 or 10) is used to indicate concentration of particles which have a
diameter smaller than x pum.

2.1 Primary and secondary

A distinction often made is between primary and secondary PM. Primary PM is
emitted directly, while secondary PM is formed in the atmosphere. There are three
known pathways through which secondary PM is formed. The first is gas to particle
conversion, when gas-phase chemical reactions form products of lower saturation
vapor pressures, that partition into the condensed phase, either through new particle
formation or through condensation onto pre-existing PM. Article III examines gas to
particle conversion in exhausts from gasoline vehicles. The second is aqueous-phase
secondary PM, which forms as gas phase precursors dissolve in water droplets and
undergo chemistry that results in species which remain in the condensed phase as the
water evaporates. Finally, there is heterogeneous formation, in which gas and
condensed phase molecules react, yielding increased PM mass.

2.2 Climate effects

While there is now an overwhelming consensus among scholars that the climate is
being perturbed by past and present anthropogenic activities’, some aspects of the
process are better understood than others. The fundamental issue is clear: the Earth
system is continuously acquiring more heat as time passes. This is manifested as rising
temperatures in the atmosphere and oceans, and reduced amounts of sea ice and
glaciers. The cause is also largely undisputed: the balance between energy radiating
into the Earth system and radiating out of it is shifting because of pollutants referred
to as “climate forcers” (CF). The main CF is carbon dioxide released by the burning
of fossil fuel. Carbon dioxide is a naturally occurring constituent of the atmosphere. It
is the chemical form in which carbon, which is necessary for all life as we know it,
mainly enters the biosphere through photosynthesis. It is also the main route through
which carbon leaves the biosphere (sometimes dwelling in intermediate forms such as
methane first), completing the cycle. The problem is that the cycle is skewed by the
harvesting of fossil fuels. Carbon that has been accumulating as fossil fuel over
millions of years is being released back into the atmosphere over timescales of
centuries. Consequently, the concentration of carbon dioxide rises'’. This affects the
Earth’s energy budget, because carbon dioxide absorbs the long wavelength radiation
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emanating from the planet, while it is transparent to the short wavelength radiation
received from the sun, henceforth referred to as “sunlight” for brevity.

Much of the research into atmospheric acrosols is aimed at understanding their
climatic effects. That is because unlike carbon dioxide, PM interacts with the energy
budget of the Earth in many, sometimes complicated ways. This is hardly surprising:
carbon dioxide is carbon dioxide is carbon dioxide — a single, simple molecule. Its
turnover time in the atmosphere is about a century, so it has time to mix and is found
in approximately the same proportions everywhere. PM on the other hand, refers to
anything which is lumped together in pieces between nanometers and micrometers in
size and suspended in air for durations which vary from hours to months.

By reducing the flux of infrared radiation out of the earth system, without a similar
reduction in incoming sunlight, excess carbon dioxide from fossil fuel burning
induces radiative forcing (RF). Since this is a process which affects the energy budget
of the entire Earth system, a metric often used to describe RF is globally averaged
W/m?*. By convention, heating RF is assigned positive values. It should be noted that
RF is a perturbation. This means that RF is the difference in radiative flux, not the
flux itself. In order to establish the difference in flux, a reference is needed where the
anthropogenic influence on the planet’s radiative budget was small. The year 1750 is
often taken as this reference.
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Figure 1. Radiative forcing (RF) from 1750 to 2011 by emitted components. Effective radiative forcing
(ERF) quantifies the impact of rapid atmospheric adjustments. From Stocker and co-workers'!, 2013:
Figure TS.7 | Radiative forcing (RF) of climate change during the Industrial Era shown by emitted components from 1750
t0 2011. The horizontal bars indicate the overall uncertainty,while the vertical bars are for the individual components
(vertical bar lengths proportional to the relative uncertainty, with a rotal length equal to the bar width for a
+50%uncertainty). Best estimates for the totals and individual components (from left to right) of the response are given in
the right column. Values are RF except for the effective radiative forcing (ERF) due to aerosol—cloud interactions (ERFaci)
and rapid adjustment associated with the RF due to aerosol-radiation interaction (RFari Rapid Adjust.). Note that the total
RF due to aerosol-radiation interaction (~0.35 Wm™) is slightly different from the sum of the RF of the individual
components (~0.33 Wm™). The total RF due to aerosol-radiation interaction is the basis for Figure SPM.5. Secondary
organic aerosol has not been included since the formation depends on a variety of factors not currently sufficiently quantified.
The ERF of contrails includes contrail induced cirrus. Combining ERFaci —0.45 [~1.2 to 0.0] Wm™ and rapid adjustment
of ari —0.1 [-0.3 to +0.1] W™ results in an integrated component of adjustment due to acrosols of —0.55 [~1.33 to —0.06]
W™, CFCs = chlorofluorocarbons, HCFCs = hydrochlorofluorocarbons, HFCs = hydrofluorocarbons, PFCs
=perfluorocarbons, NMVOC = Non-Methane Volatile Organic Compounds, BC = black carbon. Further detail regarding
the related Figure SPM.5 is given in the TS Supplementary Material. Figure 8.17

The ways in which aerosol particles perturb the climate can be divided into aerosol-
radiation interactions (ARI) and aerosol-cloud interactions (ACI). ARI have
previously been referred to as “direct”, while ACI have been termed “indirect” effects
of aerosol particles (to reflect the fact that the clouds in turn interact with radiation).
ARI involve particle interactions with sunlight, while clouds interact with both
sunlight and infrared radiation emitted by the Earth system.
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Aerosol-radiation interactions come in two varieties: scattering and absorption. The
particles impact our climate by scattering sunlight, partly away from the Earth, which
leads to cooling. Some particles also absorb sunlight, which has the opposite effect. It
adds to the accumulation of heat caused by excess carbon dioxide, which is driving
the change towards a hotter climate.

Clouds are very important for the radiative balance of the earth system, mainly
because they reflect sunlight, which causes cooling. Since the water vapor in the
atmosphere would not condense without aerosol particles acting as nuclei, the
amount and distribution of aerosol particles has a controlling effect on clouds. It
should be pointed out that there are other aspects of perturbations of clouds, and by
extension rain, than RF. In Article II we investigated diesel exhaust particles, which
are emitted in great abundance globally, as potential cloud condensation nuclei.

Black carbon (BC) is a term used to denote a subcategory of PM which is very
efficient at absorbing sunlight (see “Soot and related terms”). BC emissions are very
problematic because atom by atom, BC induces much more RF than any other
emissions. Although BC is a small fraction of the anthropogenic PM, it causes
disproportionately large perturbations of the climate system. In fact, while most PM
has a net cooling effect, BC contributes significantly to the warming caused by
humans. BC emissions are strongly liked to energy production (just like the excess
carbon dioxide from fossil fuel use), as can be seen from Figures 1 and 2. It has been
suggested that BC is the second most important climate forcer, intermediate between
carbon dioxide and methane' . Others estimate that methane emissions cause more
forcing than BC emissions''. At any rate, there is a consensus that anthropogenic BC
emissions are a very potent climate forcer.

Because of the limited atmospheric lifetime of black carbon (BC) (on the order of a
week) compared to carbon dioxide (a century), BC is considered a “short-lived
climate forcer” (SLCF). Globally averaged RF does not capture the full impact of BC
on the climate system, since additional effects (beyond the shift of global radiative
balance) occur'. These effects include accelerated snow and ice melting rates in the
Arctic, and possibly regional circulation and precipitation changes'. In addition to
having worse consequences for the climate than the globally averaged RF implies,
SLCEF also offers better near-term mitigation possibilities: the reduction in emission
more quickly translates into reduced concentrations.

One difficulty of assessing the climatic impacts of individual pollutants is that no
source emits one pollutant exclusively. There is thus some controversy over the
magnitude of potential climate benefits from policies aimed at the reduction of SLCF.
The benefits could be overestimated', since policies aimed at reducing carbon dioxide
emissions will also reduce emissions of SLCFs such as BC as a co-benefit. Considering
BC-rich sources exclusively, a recent comprehensive assessment by Bond et al.” found
the best estimate combined RF to be near zero due to the cooling effect of co-emitted
species (see Figure 2). The authors suggest that BC-rich sources can still offer policy
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makers air quality improvement possibilities that are neutral with respect to radiative
forcing™. As elevated PM concentrations cause adverse effects on human health (see
section 2.3), it is highly desirable to find ways to reduce anthropogenic PM without
sacrificing the cooling effects (see Figure 1).

Climate forcing by BC-rich source categories in year 2005
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Figure 2. Climate forcing attributed to BC rich sources in 2005. Effects from each source category are
grouped after confidence in attribution: high confidence (top), low confidence (middle), total (bottom).
Figure 37 from Bond and co-workers'?, 2013.

Secondary organic aerosol (SOA, see section 2.1.1, and Articles II-V) is excluded from
the assessments summarized in Figures 1 and 2. That is because the current
understanding of the processes involved in SOA formation and evolution are
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considered too tentative by the authors'" *. While biogenic precursors are considered
to dominate SOA globally, contributions from anthropogenic precursors are
estimated to make non-negligible contributions as well””. Formation rates of SOA
from anthropogenic precursors in the United States alone have recently been
estimated as 0.7 Tg y', most (estimated fraction 90%) of which was modelled as
originating from biomass burning and gasoline vehicles'®. Every aspect of BC-induced
climate forcing (and, as recently reviewed by Bond et al", they are numerous) is
affected by particle properties which evolve after emission. Atmospheric processing of
combustion derived-PM precursor gases, and soot particles, clearly obscures our
understanding of the consequences of their anthropogenic emissions.

2.3 Health effects

Particulate matter (PM) is known to cause adverse health effects. According to WHO,
air pollution, of which PM is one of the main constituents, caused around 7 million
deaths in 2012°. More than half of those deaths were attributed to indoor exposure,
caused by residential use of solid fuels such as wood for cooking and heating
purposes. Soot particles most probably played a major part in that outcome.

Epidemiological studies have shown that outdoor PM concentrations correlate with
morbidity'” and mortality'®. Many studies suggest that the components in PM have
different health outcomes". Different particle sizes are commonly considered to have
different toxicity: fine particles (PM,s) are often considered more detrimental to
health than coarse particles (PMio), on a mass basis’. That is because fine particles,
also termed “respiratory particles”, are able to penetrate deep into the human lung.
Black carbon (BC) exposure has been found to more robustly predict adverse health
outcomes than PM in general*. Toxicological studies suggest it is not the BC itself
that causes the effects; rather, BC may act as a vector, transporting various toxins into
the lungs*. However, implementing such PM differentiation in the assessment of the
health outcomes has so far often been considered beyond state-of-the-art.

For instance, WHO currently recommends using the same mortality risk per PM; s
increase — 6.2% per 10 pg/m’ — regardless of source and composition. Using these
parametrizations, it was recently estimated that approximately 458 000 premature
deaths were caused by air pollution in Europe in 2011°*. This makes air pollution the
leading environmental cause of premature death in Europe.

A recent assessment of the health impacts of air pollution in Sweden® has taken a less
conservative approach and separates PM,s into source specific impacts. Primary
combustion generated particles (largely soot) from traffic and residential wood
burning were considered roughly three times as toxic as other fine particles (17%
increased mortality per 10 pug/m® compared with 6.2% per 10 pg/m’). The estimated
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death toll in the Swedish study was 5500 lives lost prematurely per year. Of that
number, 3000 deaths were estimated to have been caused by non-local sources, 1000
from residential wood burning, and 1300 from vehicle exhaust (non-exhaust vehicle
emissions account for 200).

While higher exposures are more detrimental to health, there does not seem to be a
lower threshold below which PM does not cause adverse health effects'. Residential
combustion of solid fuels, by the high indoor exposures they induce, causes by far the
most harm to human health because roughly 3 billion people use such combustion on
a daily basis™. In Europe, the aggregated costs (a large portion of which stems from
health impacts from PM) of air pollution between 2008 and 2012 have been
estimated to be in the range 329-1053 billion EURys from industrial facilities
alone?. In Sweden, despite comparatively low levels of air pollution, the estimated
monetized value of the socio-economic cost of PM,sin 2010 was 35 billion SEK5010%°.
Taken together, the assessments of PM impacts on health on the global, European,
and Swedish scales show that the problem is both massive and ubiquitous.
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3. Method

The methods employed in this thesis are described and discussed below. Due to the
interests and role of the author, experimental aspects of the research are treated
exclusively, with focus on aerosol mass spectrometry. Table 1 summarizes the
methods used in Articles I-V.

Table 1.

Overview of sources studied, campaigns performed and techniques employed in Articles I-V.

Article I II 111 v \'
Source

Wood smoke X X

Vehicle exhaust X X X
Campaign

Laboratory X X X X x
Ambient X
Instrument

AMS? X X X X X
SP-AMSP X (x9 X b'e
APM¢ X X
Ageing simulation

Smog chamber X X X
PAM: X

a Aerosol Mass Spectrometer, see section 3.1.

b Soot-Particle Aerosol Mass Spectrometer, see section 3.1.

¢ Features SP-AMS, but there was little soot, see section 4.2.1.
d Aerosol Particle Mass analyzer, see section 3.2.3

e Potential Aerosol Mass chamber, see section 3.2.2
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3.1 Soot-Particle Aerosol Mass Spectrometer: SP-AMS

The Soot-Particle Aerosol Mass Spectrometer® (SP-AMS, Aerodyne) is an instrument
that enables in-situ quantitative measurement of the time- and size-resolved chemical
composition of PM;. It consists of a High Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS®, Aerodyne, henceforth: AMS) that has been equipped
with a continuous wave IR laser (Nd:YAG 1064 nm). The latter was adapted from
another instrument: the Single Particle Soot Photometer®® (SP2, Droplet
Measurement Technologies).

The AMS is a vacuum system with three main components: inlet, particle sizing
chamber, and mass spectrometer.

The inlet consists of an orifice with a diameter of 0.1 mm, though which an aerosol
flow of ~1.5 cm’/s is sampled, followed by an aerodynamic lens. The lens, which
consists of a series of concentric apertures, focuses particles into a collimated beam?.
After passing a skimmer cone, the particle beam enters the sizing chamber.

In the particle sizing chamber the beam is modulated by means of a rotating
“chopper” disc. The chopper periodically blocks the beam entirely, facilitating the
measurement of instrumental background. In this manner, “closed” signal is acquired.
The non-size resolved data (which is referred to as “MS” data) is obtained by
subtracting the closed from “open” signal (acquired when the chopper is not blocking
the beam). Size resolved data is acquired by positioning the chopper so that the
particles are transmitted only through the two radial slits which together make up 2%
of the circumference (i.e., as the chopper rotates, 98% of the particles are lost from
the beam). Thus the chopper provides a well-defined start of the Particle Time-of-
Flight (PToF) through the sizing chamber. The PToF, which ranges from 1 to 5 ms,
is interpreted in terms of aecrodynamic diameter, further discussed in section 3.1.2.2.

The particle beam is terminated by a heated (normally kept at 600 °C) tungsten
vaporizer. Upon impaction, the operationally defined non-refractory particulate
matter (nR-PM) flash vaporizes, which makes it eligible for mass spectrometric
analysis. The vapors are subsequently ionized by means of 70 eV electron ionization
(EI). The combined effects of flash vaporization and EI produces positively charged
molecular fragments. The fragmentation is normally extensive, which means
individual molecular abundances in complex orgaic mixtrures cannot be retrieved.
Instead, the data are interpreted in terms of factor analysis®™ (where the complex
mixture is deconvolved into subcategories) or by calculating average properties such as
the carbon oxiation state”. Furthermore, the vapors are typically not assigned to
individual particles: instead particle ensemble composition is measured.

The fragments are extracted into an Ion Time-of-Flight (IToF) chamber, where they
are orthogonally pulsed into a V-shaped trajectory (the turn extends the flight path,
and in addition narrows the IToF distribution of each ion type). The IToF, typically
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ranging from 1 to 20 ps, is interpreted in terms of mass to charge ratio (m/z), further
described in section 3.1.3.

3.1.1 Soot-Particle module

The usefulness of the AMS technique is its generality: most of PM, is in the non-
refractory category and thus readily measured. Although previously thought
unattainable, quantitative measurement of sea salts’’ and lead”, as well as detection of
several other trace elements’” (which implies that quantification is possible), have also
been demonstrated. There is however a very important exception from this generality
— black carbon (BC, see “Soot and related terms”). As the vaporization temperature of
BC is around 4000 K, it cannot be detected using the tungsten vaporizer.

In order to overcome this problem, a soot-particle module was recently added to the
design®. The module consists of an intra-cavity 1064 nm Nd:YAG laser, which
functions as a soot particle vaporizer. The laser beam heats absorbing species, such as
BC and metals®, until vaporization. BC as measured with the SP-AMS and similar
techniques is referred to as “refractory black carbon” (tBC, see “Soot and related
terms”). Other species that are internally mixed (i.e., present in the same particles)
with the absorbing species evaporate as the particle heats. Owing to the high
vaporization temperature of rBC, it can normally be assumed that everything which is
internally mixed with rBC will be detected.

There are two possible configurations of the SP-AMS: single and dual vaporizer®. In
the single vaporizer configuration, the tungsten vaporizer is removed from the
instrument. This enables the selective detection of particles containing rBC (or other
IR absorbing species). The single vaporizer configuration has two advantages. The
first is that the selective detection of particles containing rBC enables the
measurement of the particle mixing state: all non-rBC material detected was
internally mixed with rBC, and therefore the rBC fraction of the particles can be
calculated. The second advantage is that all the signals recorded originate from vapors
generated using the same mechanism (the gradual heating of rBC-containing
particles), which reduces the complexity of the measurement. The disadvantages of
the single vaporizer configuration are that generality is lost (as non-absorbing particles
will not be detected), and that the calibration procedures (see section 3.1.2)
necessitate reinsertion of the tungsten vaporizer.

The dual vaporizer configuration offers the advantage that (non SP-) AMS data can
be recorded when the laser vaporizer is turned off. However, turning the tungsten
vaporizer off will not enable measurement in the single vaporizer SP-AMS
configuration, as the tungsten vaporizer is also heated by the source of the 70 ¢V
electrons. Recording (non SP-) AMS data is attractive since the (non SP-) AMS is
well characterized, as it has been available for nearly a decade and is now widely used.
For that reason, experimental campaigns in which fewer than two SP-AMSs are
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available often employ the dual vaporizer configuration, as has been done in all the
research presented in this thesis. Another advantage is that by comparing data
acquired with and without the laser vaporizer, additional conclusions can be drawn
regarding the particle constituents as detailed in sections 4.1.1.1 and 4.4.

3.1.2 Calibrations

The recommended practices for AMS calibrations can be found online**. The two
main procedures are briefly described below, with a short discussion of the property
measured in each calibration.

3.1.2.1 Ionization efficiency calibration

The mass specific ionization efficiency® (m/E) is the sensitivity of the instrument to
the plume produced by the vaporizer(s). In order to be part of the plume, the particles
must first be vaporized. The (mass) fraction of the particles that is vaporized is
referred to as the “collection efficiency” (CE) of the particles. CE is divided into three
components” to explicitly treat losses due to: lens transmission (£}), beam divergence
(Es) and bounce of the tungsten vaporizer (£p), such that

CE=EL*ES*EB [1]

The lens transmission (£;) limits the size range of the instrument. Small particles are
lost due to Brownian motion and large particles are lost due to impaction®. Particles
in the range ~35 nm to 1.5 pm are focused by the lens®, but £ is reduced below 100
nm and above 600 nm (but near unity between 100 nm and 600 nm). Beam
divergence (Es) is dependent on particle morphology: aspherical particles have
reduced Es”. Since the laser vaporizer (soot particle module) is narrower than the
tungsten vaporizer, it is more sensitive to £s*. Willis et al.” recently estimated that the
recommended rBC calibration particles (further discussed below) have £5 0.6 + 0.1.
Particle bounce (E3), which is dependent on particle phase, normally dominates the
tungsten vaporizer collection efficiency®. Typical Ep values are 0.25 for solid particles,
0.5 for ambient particles, and 1 for liquid particles. For ambient particles a
parametrization introduced by Middlebrook et al.”” is routinely used to account for
Ej.

mIE calibration is performed by nebulizing an ammonium nitrate solution, and
drying and size selecting the resulting particles using a Differential Mobility Analyzer
(DMA). Particles with a mobility diameter of 300 nm are used, which have near unity
CE’. Since ammonium nitrate is used as the standard calibrant, the m/E of other
species is normally expressed in terms of relative ionization efficiency (R/E) with
respect to nitrate. m/Enos is measured by varying the number concentration of
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particles, and comparing the recorded signal intensity (ions/s) with the mass sampling
rate (pg/s). The latter is calculated from the single particle mass (,), the volumetric
sampling flow rate (Q) and the particle number concentration (obtained using a
condensation particle counter [CPC]). When the instrument is calibrated, the
volumetric mass concentration C of species s can be calculated as:

L . 2]

5 7 RIEg*mIEN03+Q

in which 7 denotes the ion types generated and 7 is the ion rate.

Ideally, the RIE of each sampled species should be determined experimentally. As a
minimum, ammonium nitrate and Regal Black (Cabot) m/E calibrations are required.
During the calibration, it is important to minimize, and account for, the amount of
multiply charged particles. (These inflate the calculated m/E as the actual mass
concentration is higher than the number concentration measured with the CPC

implies.)
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Figure 3. Mass specific ionization efficiencies of nitrate and Regal Black, obtained from nebulized 300
nm (mobility diameter) particles at an airbeam of 115 kHz, details in text. mIE uncertainties are 95%
confidence intervals of the fitted slopes. The error bars show the variability (36) at each concentration.

Data from mI/E calibrations with ammonium nitrate and Regal Black (RB, Carbot)
are plotted in Figure 3. The CE has been folded into the m/E reported in Figure 3.
While this is not expected to effect 72/Eno3, the true mIExz would be higher based on
the results of Willis et al”’. Although quantification in principle only requires the
knowing the product of CE and mIE (i.e., the sensitivity of the instrument) ideally
they should be separated, to give a better understanding of the processes involved.

The mIE values in Figure 3 are typical for the Lund University SP-AMS, but can vary
considerably between deployments (and instruments). It is important to take note of
the N," ion rate (the “air-beam” [AB]) during calibration. This value, 115 kHz during
the calibration plotted in Figure 3 (also a typical value), is needed to produce
quantitative results, as detailed in section 3.1.3. The AB is also needed to interpret the
calibration result: high 7/E/AB values indicate good instrument performance.
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3.1.2.2 Size calibration

The sizes of aerosol particles are often expressed in terms of “equivalent diameters”.
Each equivalent diameter relates to a specified, measurable particle property. The
particle’s equivalent diameter is the physical diameter of a sphere of density 1 g/cm’,
which is equivalent, in terms of this property, to the particle. The two most
commonly used equivalent diameters are mobility diameter (D.) and aerodynamic
diameter (D,). These diameters and their relation are treated in detail by DeCarlo et
al®®. The AMS, because it is a vacuum system, measures the vacuum aerodynamic
diameter (D,,). D, is uniquely sensitive to the shape of the particles, which was
exploited in Article V.

As the particles exit the acrodynamic lens, they acquire size-dependent velocities. The
drag force from the accelerating gases is balanced by the inertial force acting on the
particles such that smaller (i.e., lighter in relation to their drag) particles acquire
higher velocities. The particle velocity (v,) is commonly parameterized using the
relation*' below:

Ug—lil

Vp =W+Ul (3]

in which , is the velocity of the gas exiting the lens, v is the velocity of the gas in the
lens, D,, is the particle vacuum aerodynamic parameter (further discussed below), D*
is the characteristic particle diameter for acceleration in the expansion from the
aerodynamic lens, and & is close to 0.5.

Calibration curves are obtained by nebulizing and drying polystyrene latex (PSL)
spheres and fitting the expression [3] to the resulting data. As the PSL spheres are not
promptly vaporized, the tungsten vaporizer is set to ~800 °C, and the leading edge of
the PToF distribution is used to calculate z,. (An offset of ~70 ps is added to the
leading edge of the PToF distribution to account for the use of the first transmitted
particles, rather than the average.) These should be verified with size selected
ammonium nitrate particles, preferably including duplicates of the ones used in the
ionization efficiency calibration (as the size of those particles is critical to that
calibration).
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Figure 4. A sample of size calibration curves for the Lund University SP-AMS in the years 2010-2014.

Six calibration curves obtained for the Lund University instrument are plotted in
Figure 4. Notably; the curve shapes are such that the calculated size of larger particles
will be more sensitive to errors in the parameters used in sizing. The flowrate into the
instrument (visible in the legend of Figure 4) is important to keep track of during
measurements as reductions in flowrate (e.g., caused by clogging of the orifice) will
often change the sizing by producing longer PToF. However, judging from the
sample of curves in Figure 4, there is no general rule which relates flowrate and sizing
(the effects of a reduction cannot be robustly predicted: a new calibration is needed
for the data acquired at reduced flow).

3.1.3 Data analysis

SP-AMS data analysis is performed using the continuously evolving SQUIRREL and
PIKA software programs which are available online®.

As AMS data analysis is actually somewhat complicated, the following is a brief,
bordering on simplistic, account.

The task of the analyst is assigning the ions formed in the plume(s) originating from
the vaporizer(s) to chemical species. The ion rates, / in expression [2], need to be
determined for each species. To this end, a “fragmentation table” is employed. The
fragmentation table lists the empirically determined fragmentation patterns of the
species. While many of the default entries can be used, they do have to be verified,
and to some extent modified, in each data set. For instance, the default entry of the
organic component (OA) at m/z 44 is that all of the signal in this channel that is not
attributed to air should be counted. This is because m/z 44 has a contribution from
CO;" ions that originate from carbon dioxide, one of the constituents of air. Thus,
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the carbon dioxide contribution to m/z 44 needs to be calculated in order to quantify
OA. For carbon dioxide, the fragmentation table entry at m/z 44 involves a reference
to m/z 28, normally dominated by N," from molecular nitrogen, and the constant
370-10°¢, which is a leftover from the days when the ambient carbon dioxide mixing
ratio was 370 ppmv. The analyst may have to introduce an additional factor (this
makes the procedure more transparent than modifying the number 370-10° it
becomes easier to trace the steps) to account for increased CO," from nearby (or
global) combustion. For the SP-AMS, m/z 44 has a third contribution: the CO," ions
from rBC, further discussed in section 4.4.

Above, m/z 44 was used to introduce the fragmentation table. “m/z 44” actually refers
to a mass-spectral region that is near the nominal 44 Th: by default ~43.8-44.2 Th.
Thus, the example used “unit mass resolution” (UMR) data, in which the full m/z
resolution of the instrument was not used. UMR analysis is performed with
SQUIRREL. This type (UMR) should be used as a complement to the “high
resolution” (HR) data. For size resolved analysis, only UMR data is normally used to
reduce the complexity of the analysis, but there have been exceptions*. The results
obtained from HR analysis can be compared with UMR results: they should be
consistent.

High resolution analysis is performed with a model (PIKA) that explicitly accounts
for the signals originating from a list of ions that the analyst chooses (uninformed
choices will give spurious results). For instance, the signal at m/z 43 is normally
divided into C;H;0" and CsH7", but several other ions exist which could potentially
yield signals near m/z 43. PIKA parametrizes the peak width as a function of m/z, and
postulates a constant peak shape. The residuals of the modeled and measured mass
spectra are minimized by varying the ion abundances: the model does not decide
which ions to include, or the time of flight (IToF) of each ion. The HR analysis
employs a fragmentation table that is smaller than the table used in UMR as there are
fewer instances where such apportionment is required (since there are more ion types
than m/z’s).

The signal from air is a very important aspect of the analysis. Despite the fact that
(former) particle constituents are seven orders of magnitude more abundant (with
respect to air) in the plume(s) compared with the ambient, air normally still
dominates (which highlights how dilute the ambient aerosol is). It is recommended to
insert a particle filter in the sampling line periodically. This way, the air signal can be
studied in isolation, and guide the choices later made by the analyst. (I have found it
is a good practice to filter the entire sampling flow, including what is sampled by
other instruments, as a “zero-check”.) The signal at m/z 28 is also routinely used to
account for variability in sensitivity over time: using the “air-beam (AB) correction”.
The rationale is that many aspects of instrument performance will influence the AB
and m/E in proportion. Care must be taken to ensure this assumed proportionality is
real (by making several m/E calibrations). When sampling concentrated aerosol, it is
also important to verify that particle signal is not misinterpreted as AB.
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3.2 Auxiliary equipment

3.2.1 Smog chamber

Much of the literature on secondary organic aerosol (SOA) has been produced using
smog chambers. The working principle of a smog chamber is that an aerosol is
injected into a transparent chamber which is irradiated with UV light, and
photochemistry occurs. Thus, atmospheric processing is simulated. We used a 6 m’
fluorinated ethylene propylene (FEP) chamber (Welch Fluorocarbon), and UV lamps
(Cleo Performance 100-R, Phillips) with peak emission at 350 nm (range 320-380
nm). The strength of the smog chamber set-up is that continuous processes, such as
the gradual condensation of SOA onto soot particles (see sections 4.2.2 and 4.3) can
be studied. Oxidant (chiefly hydroxyl radical) concentrations are typically elevated
compared with ambient levels, but not by more than one order of magnitude. A
caveat of smog chamber experiments is wall losses of particles and vapors®™ “.

3.2.2 Potential Aerosol Mass chamber: PAM

The PAM chamber” is a small flow reactor that employs intense photochemical
processing. The device is designed to robustly produce the maximum amount of
secondary particulate mass in aerosols. To this end, the sample flow is subjected to
oxidant concentrations that are two to three orders of magnitude higher than ambient
levels, for short durations (minutes). A recent comparison® of PAM and a smog
chamber found that ageing of wood smoke (and a-pinene, a biogenic SOA precursor)
produced similar SOA in terms of amount and chemical composition. The PAM
chamber has the advantage that particle losses are low (because of the short residence
time). A caveat of PAM chamber experiments is that the intense processing favors
new particle formation over condensation, even in when seed particles are present.

3.2.3 Aerosol Particle Mass Analyzer: APM

The APM*> ** (model 3600, Kanomax) consists of two concentric cylinders, in-
between which an aerosol flow is drawn. By rotating the cylinders in unison (at an
angular velocity @) and applying a voltage (U) between them, particles are selected
according to their mass (2,) to charge (g,) ratio, according to equation 4

™__ Y ___
ap rzwzln(:—i)

(4]
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in which 7; is the radius of the inner cylinder, 7, the radius of the outer cylinder and »
is the average of 7; and 7. The instrument is operated by stepping the voltage and
counting the selected particles with a condensation particle counter (CPC).

In the smog chamber experiments reported in Articles IV and V, the APM was used
downstream a differential mobility analyzer (DMA) followed by thermal denuding at
300 °C for about 10 s (first DMA, then thermodenuder, then APM). Thus, we
obtained mobility resolved particle mass with and without thermal denuding. The
denuded mass was interpreted as BC, in qualitative agreement with rBC as measured
with the SP-AMS, and with filter-based light absorption at 530 nm (measured with a
particle soot absorption photometer (PSAP), which is similar to, but less sophisticated
than the device described below in 3.2.4).

In Article V, the single particle masses (72,) were extrapolated to the total particle
ensemble using a scanning mobility particle sizer (SMPS). The SMPS provides the
number concentration at each mobility diameter (D), and the DMA-APM provides
the single particle mass (2,) at each D.. This facilitated the calculation of the (mass)
mode fresh soot particle mass: 1.2 fg. Assuming a material density of 1.8 g/cm’, the
(mass) mode dynamic shape factor of the fresh soot was calculated as 2.2.

3.2.4 Dual-spot Aethalometer

The general principle of the Dual-spot Acthalometer’ (model AE33, Magee
Scientific) is that the aerosol is drawn through a filter where particles are deposited,
while the light transmittance though the filter is measured continuously.
Transmittance is recorded at seven wavelengths () ranging from UV to near IR light:
370, 470, 520, 590, 660, 880 and 950 nm. In-situ attenuation by the particles is
estimated from the change of transmittance though the filter over time. This is done
assuming a constant (over A and time) filter-material specific proportionality that
takes into account the enhancement of the particle absorption resulting from
scattering inside the filter matrix. In addition to the effect of in-filter scattering, filter
loadings also impact the measurements. As the filter loading increases, the sensitivity
is reduced: the filter begins to saturate. The filter loading effect is mitigated using dual
filter spots with differing aerosol flow rate: the attenuation without loading effect is
extrapolated from the two (differently loaded) filter spots®. The correction is applied
at each A separately. While attenuation (the sum of absorption and scattering) was
measured, we estimate that the scattering was negligible in our experiments. We
therefore use the term “absorption Angstrom exponent” AAE, to describe the
wavelength dependence of the measured attenuation. AAE is calculated as the
negative slope of the log-log plot of attenuation versus A, (i.e., if attenuation scales as
A", the Angstrém exponent is 1).
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4. Results and discussion

4.1 Biomass combustion in residential facilities

We have conducted two measurement campaigns to elucidate particulate emissions
from residential biomass combustion. The system most extensively investigated was a
conventional wood stove (one of the most sold models in Sweden during the 1990s)
further described by Pettersson et al”>. The main finding of our first campaign was a
marked difference in emission patterns between organic PM in general and particulate
PAHs, which we reported in Article I. In the second campaign on which Article II is
based, we added, among other things, photochemical processing and light absorption
measurements to the set-up. This allowed us to investigate the emission of light
absorbing carbon and prompted us to suggest a new metric to describe these
emissions from energy-related activities: m*/M]J.

4.1.1 Particulate PAH emissions

Particulate PAH emissions tend to escalate when the rate of combustion exceeds the
appropriate range specific to the appliance used. In the wood stove we studied,
nominally a 9 kW unit, a steep increase in emissions was observed above 23 kW (see
Figure 3 in Article I). Such excessively intense combustion results in oxygen
deficiency, which favors the emission of PAHs. This is unfortunate as some of them
are known human carcinogens. The total organic PM emission rate by contrast is
generally highest during the few minutes of heating and drying that follow the
addition of a new batch of fuel: the fuel addition phase.

While the first campaign (Article I) had good reproducibility in the fuel addition
phase emissions (100-200 mg of organic PM was consistently emitted upon fuel
addition), the experiments in the second campaign (Article II) had much more
variable emissions during fuel addition on glowing embers. In some cycles the
characteristic “fuel addition peak” was absent or much above the average. The variable
fuel addition emissions in the second campaign are in all likelihood more
representative of real-world emissions. This is because the ignition of the volatiles
produced upon fuel addition is a complex process that will differ substantially
between cycles, even if the user behavior is almost the same. The high repeatability in
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the first campaign, however, is more useful for attaining a mechanistic understanding
of the governing processes.

The fuel addition phase emissions always contained some PAHs. Although the PAH
fraction of the organic PM emitted was moderate (on the order of 1%) in many of the
experiments that simulated optimal wood stove operation (the “nominal burn rate”
cycles), the fuel addition emissions contributed the majority of the total PAH
emissions. (The PAH content was low, but much organic PM was emitted). The
PAH emissions during excessively intense combustion cycles (“high burn rate”) were
all dominated by the later “intermediate” phase. While avoiding fuel addition PAH
emissions is near impossible, excessively high burn rates can be minimized. Factors
that increase the burn rate include batch load, dryness and log size (using a lot of
excessively dried wood in small pieces will produce unfavorably high burn rates).

The connection between combustion intensity, flue gas oxygen content, and PAH
emissions is most succinctly illustrated by Figure 3 in Article I. The most informative
data in that figure, denoted “high burn rate, intermediate phase with fuel addition”
are further discussed below. The experiment consisted of two additional fuel additions
in the middle of a combustion cycle, while the logs already in the stove were still
ablaze. This is opposite to the default procedure of adding fuel only onto the embers
of the previous batch of logs. The resulting flue gas oxygen concentration and
particulate PAH emissions are shown in Figure 5.
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Figure 5. Particulate PAH emission and flue gas oxygen concentration during the “high burn rate,

intermediate phase with fuel addition” experiment in Article L.

Around 24 minutes after the combustion cycle was initiated, and again ten minutes
later, more fuel was added to the wood stove. The two additions each consisted of
three logs, with a total dry weight of about 810 g and 600 g, respectively. Each fuel
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addition was followed by a strong decrease in flue gas oxygen concentration as the rate
of combustion increased, which resulted in elevated particulate PAH emissions. In the
eight minutes following the first, slightly larger mid-cycle fuel addition,
approximately 38 mg were emitted, and the second smaller fuel addition caused the
emission of about 33 mg of particulate PAHs, again over a period of eight minutes.
Not all of the pollutants formed originated from the two smaller batches added mid-
cycle; some fraction was formed from the remnants of the earlier, larger batch that
initiated the cycle. (Determining what fraction is very difficult with this set-up: it
would require isotopically labeled wood! However, the point is entierly academic.
What matters is that wood went in and PAH came out.) It is instructive to compare
the ratio of mass of particulate PAHs emitted to fuel added: about 50 mg/kg, with
full cycle values from Article I and refereces therein, 1.5 mg/kg for nominal burn rate,
and 13 mg/kg for high burn rate cycles. The precision and accuracy of these values are
discussed in the online supplement of Article I: the uncertainty is small compared
with the differences in the comparisons made. It is then abundantly clear that user
behavior will strongly influence real world emissions. There is nothing unusual about
adding three pieces of wood weighing in total less than a kg about halfway through a
wood stove combustion cycle.

4.1.1.1 High molecular weight PAHs

The first wood smoke campaign pre-dates our upgrade from AMS to SP-AMS (see
section 3.1). For that reason, it was not possible to determine if the mass spectral
patterns from large PAHs reported in Article I reflected the distribution of molecules
in the wood smoke. Limited information is available in the literature regarding these
molecules, as they are very difficult to measure using conventional analytical
chemistry techniques. It was observed that the PAH distribution continued up to 48
carbon atoms (C48), with strongly decreasing abundances. However, it could not be
exluded that this decrease was caused by the limitations of the (non-SP) AMS.
Conceivably, the decrease could be caused by the instrument’s inablitiy to efficiently
vaporize the larger molecules. I have since aquired SP-AMS data during the second
campaign, which will be used to answer this question here.

Figure 6 shows a comparison of data recorded with and without the soot module
engaged. The experiment was performed by injecting PAH-rich wood smoke particles
into a steel chamber and sampling them post injection. This was done in order to
remove the variability of the stove output over time from the comparison. Comparing
data with and without the soot module engaged, means a comparison between non-
refractory (at 600 °C) particle content and anything in those particles likely to exist in
significant amounts in aerosol particles, given that the latter broader class is internally
mixed with species that absorb light at long wavelengths, such as BC (the main
component of these particles).
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Figure 6. PAH-rich wood smoke measured with a dual-vaporizer Soot-Particle Aerosol Mass
Spectrometer. A) Normalized mass spectra (m/z 200-800 Th) recorded with the soot module off (top)
and on (bottom). B) scatter plot of normalized peak maximum intensities with and without the soot

module engaged. Details in text.

The PAH signal intensity increased by about 60% when the soot module was
engaged, which means a large fraction of the material was vaporized by the soot
module. Hence, “non-refractory” was no longer a restraint imposed on the PAHs
detected. The resulting mass spectra (the part of them that have a bearing on this
discussion) are presented in Figure 6A above, normalized to facilitate comparison of
the relative abundance of each peak. A scatter plot of the maximum intensities of 14
prominent peaks recorded with the soot module engaged versus disengaged is shown
in Figure 6B. If the thermal stability of larger PAHs had a significant role in the
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pattern observed by AMS, signals from large PAHs would be more enhanced than
signals from small ones when the soot module was engaged. The data clearly show
that the general pattern of decreasing abundance with PAH size is not an artifact of
the AMS vaporization scheme. The data do reflect the actual distribution of the
PAHs formed (some of the signal intensity decrease is due to the increasing fraction
of multiply charged ions, but that is a minor effect).

This raises new questions. As the PAH abundance decreases strongly with carbon
number (which is why signal intensity is plotted on a logarithmic axis in Figure 6
above, and Figure 4 in Article I), how large is the gap between large PAHs and small
BC monomers? Are there any intermediates between the two that form in significant
fractions from combustion? In other words, is the traditional dichotomy between
elemental and organic carbon purely an arbitrary construct caused by limitations in
instrumentation, or is there also an (admittedly, possibly loosely connected)
underlying non-instrument specific split? The fullerenes shown in Figure 6A may not
count, as it is possible they were mainly formed in the instrument, and not in the
combustion process. Fullerenes are known to form from BC heated by high intensity
lasers such as the one used in the soot module.

In recent investigations of PAH rich soot, we extended the measured m/z range up to
about 4 kTh without finding any additional PAH signals, which implies that few
PAHs in the C50-C300 range are emitted. Given that a very, very small (5 nm in
diameter) BC monomer contains roughly 6000 carbon atoms, the split seems justified
barring emissions of significant amounts of fullerenes formed in-flame. In fact, even
in the hypothetical case with significant fullerene emission from flames, it could be
argued that the split is justified, as these (fullerene) carbon atoms belong on the
“elemental” side of the carbon split due to their lack of bonds with non-carbon
atoms, and thermal stability.

4.1.2 The color of wood smoke

Biomass burning is a known source of brown carbon (BrC), carbonaceous PM which
absorbs light with a strongly wavelength dependent efficiency’ **. BrC is
conventionally considered a subcategory of organic carbon. A recent study’ showed
that BrC emission depends on the combustion conditions rather than fuel species.
The authors also reported that BrC absorption increases, and the wavelength
dependence of the BrC absorption decreases with increasing BC to OA ratio. In
addition to primary sources, BrC is also known to be formed from secondary
processes, including photochemically induced gas-to-particle partitioning™ (i.e., some
BrC is SOA). Specifically, BrC has been observed in SOA formed from aromatic
precursors’®, such as benzene, which is emitted from wood stoves (and other sources).
UV light has also been demonstrated to bleach BrC”’, which makes the coupling
somewhat complicated. BrC is of interest due to its direct climate heating effects, and
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as an inhibiter of atmospheric photochemistry, by reduction of UV light®®, which
drives the reactions. Furthermore, the wavelength dependence of PM absorption is
commonly utilized for source attribution; as traffic (chiefly diesel engine) emissions
are known to exhibit weak wavelength dependence, enhanced dependence is
attributed to biomass burning.

The experiments reported in Article II feature wood stove emissions that were
measured with a Dual-spot Aethalometer (see section 3.2.4). The calculated
absorption Angstrom exponents (AAE, a measure of the wavelength dependence, see
section 3.2.4) for full combustion cycles were surprisingly low —around 1.1 for
nominal burn rate (intended stove operation) and 1.2 for high burn rate (excessively
intense combustion). High AAEs such as the ones assumed in source attribution
efforts™ (~2) were found only during the fuel addition phase, when the combustion
was colder and less intense. The fuel addition emissions generally contribute a small
fraction (<10%) of the full cycle light absorbing carbon emissions. Consequently, the
wood smoke produced in our study, using a conventional, reasonably well-operated
stove, would be misattributed as traffic emissions using the “Aethalometer model”””
approach, which assumes high AAEs for wood smoke.

Due to the possible coupling between BrC and UV light outlined above,
photochemical processing was performed on the wood smoke using a Potential
Aerosol Mass chamber (se section 3.2.2). Interestingly, the processing generally had
litcle impact on the measured light abdorbing carbon concentrations (LAC, see “Soot
and related terms”), in spite of substantial SOA formation in the high burn rate
experiments. Two photochemical ageing experiments were performed on the fuel
addition smoke, which in contrast to the full cycle emissions had significant BrC
content (i.e., the AAE was ~2.5 rather than -1). In the two experiments, BrC
reductions of ~30% and -10%, respectively, were observed under intense
photochemical processing. This indicates the BrC produced in our experiments was
fairly insensitive to both UV-induced bleaching, and oxidation by OH or Os.

High BrC emissions in the early stages of the combustion cycle were previously
reported for bituminous coal combustion®. This phase, termed the “fuel addition
phase” in our studies, was identified as in Article I as exhibiting high OA emission
rates (as discussed above in section 4.1.1). Figure 7 shows time resolved AAE (top
panel), rBC, 950 nm light absorbing carbon (LAC 950) and OA concentrations
measured during a nominal burn rate cycle. Notably, the AAE is higher in the fuel
addition phase than during the rest of the cycle.
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Figure 7. Absorption Angstrém exponent (top), diluted flue gas PM concentrations (middle), and
oxygen and carbon monoxide concentration (bottom) during a nominal burn rate cycle. Gaps in rBC
data are due to disengaged soot module (see section 3.1.1). Figure 1 in Article II.

Several lessons can be learned from studying Figure 7, both about the processes
studied and the methods employed to study them. Firstly, the highest rBC (and LAC
950) emission rates occurred during the most intense combustion, around 2-5
minutes into the cycle when the flue gas oxygen content was around 10% (which is
still moderately intense combustion compared, for example, with Figure 5 above.)
Although this part of the cycle had the highest BC emissions, elevated BC emissions
were also measured at cycle times 26-30 minutes, and 38-40 minutes. These
emissions did not coincide with an overall high combustion intensity, as the flue gas
oxygen content was high, around 15%. This implies local conditions in the
combustion chamber that have little impact on the average flue gas composition can
influence BC emissions considerably.

A closer inspection of the two later episodes (t=26-30 min, 38-40 min) reveals that
the default SP-AMS operation (see section 3.1) employed in these experiments did
not capture the full dynamic of the emissions. Some rapid transients were not
captured, owing to the limited time resolution (10 s) and the large fraction of time
spent quantifying the instrumental background. The general features were captured,
such as the high OA emissions after fuel addition and the elevated BC and particulate
PAH emissions at high burn rates. Llimitations in time resolution can be avoided in
future experiments by using the “fast-MS®"” mode of operation, which enables 1 Hz
sampling (thus matching the Aethalometer time resolution). Fast MS also
considerably improves the duty cycle. (The two brief LAC 950 emission spikes at
t-38 and 39 minutes are most likely underestimated in the SP-AMS due to overlap
with “closed” sampling [see section 3.1] where instrumental background, and not PM
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mass concentration, is quantified.) Fast MS can be used with little extra cost in terms
of work load for the analyst (considerably more disc space and computing time would
need to be allocated, but these are not the limiting resources!).

Finally, the highest AAE observed, which occurred around t=28 min (see Figure 7),
while too brief, and coinciding with too low LAC concentrations to be of any
significance for the total LAC emitted in this cycle, may still be very informative.
Note that AAE is a measure of the quality of the LAC, not the quantity, and as such,
distinctly different from the rest of the data in Figure 7. The measured LAC
concentrations across in AAE peak were roughly constant at UV wavelengths,
altogether gone at IR wavelengths, and correspondingly reduced in the visible range
(such that the longer wavelengths were more reduced). However, without supporting
data this finding is difficult to interpret, and may even conceivably be an artifact. This
is a general feature in experimental aerosol science: conclusions based on data from
only one instrument, regardless of which instrument, are often tenuous. The work
reported in Article IV for instance, while mainly based on AMS data, would not be
possible without the co-sampling Scanning Mobility Particle Sizer (SMPS). The same
is true for Article V and the APM (see section 3.2.3).

To adequately describe emissions, they must be related to the extent of the activity
which generates them. In Article I for instance, the central measure of particulate
PAH emissions is mg/M]. This is because the comparison between the different
modes of operation — nominal and high burn rate — would be misleading unless the
difference in heat output was taken into account. To ease cross referencing the
alternative mg/kg dry fuel is also used in the article. In Article I, the quantity mg/M]
was calculated by multiplying the mass concentration by the volumetric flow rate in
the chimney and time elapsed (which gives the mass emitted) and dividing the
product by the heat generated, which was calculated based on the oxygen
consumption method®’. As the quantity measured by the Aethalometer is attenuation
(see section 3.2.4), which has the unit m™, rather than mass concentration, the
analogous calculation in Article II yields m*/M]J (at each wavelength) as metric for
light absorbing carbon emissions. Using this metric, we found higher (on the order of
+50%) light absorbing carbon emissions from high burn rate cycles compared to
nominal ones.

While the basis for introducing m*’MJ to quantify light absorbing carbon emission
was to eliminate the dependence of our results on assumed mass attenuation
coefficients (which are routinely used in the literature to estimate mass concentration
from attenuation measurements), there are others benefits as well. When the light
absorption itself is the quantity of interest, optically defined emissions are more
relevant. For instance, when assessing the PM direct effects in radiative forcing, or the
impacts on UV photolysis rates.
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4.2 Smog chamber ageing of light duty vehicle emissions

Light-duty vehicles are a significant source of PM. Since there is considerable
uncertainty in how the exhaust transforms after emissions, we performed smog
chamber experiments that simulated atmospheric ageing processes (see section 3.2.1).
For gasoline exhaust, we investigated the extent and origin of secondary organic
aerosol (SOA) formation. Diesel car exhaust ageing was also investigated, specifically
how the soot particles interact with water and how their shapes develop after
emission.

4.2.1 Gasoline exhaust

Gasoline-fueled vehicles generally emit little primary particulate matter'®. They do
however emit significant amounts of precursor gases, such as nitrogen oxide,
ammonia, and volatile organic compounds, from which secondary PM eventually
forms. While exhausts from gasoline vehicles do not contribute much to ambient BC
loadings", gasoline exhusts are generally co-emitted with diesel soot, and
consequently play a role in soot transformation.

In Article III, we reported secondary organic PM (SOA) formed in photochemically
aged exhausts from idling light-duty vehicles during smog chamber experiments. One
to three orders of magnitude more secondary PM was formed than what was emitted
directly in our experiments. Furthermore, we contrasted the gasoline exhaust SOA
with SOA formed from pure precursor mixtures, by comparing the mass spectral
signatures and mass of SOA formed per precursor mass reacted (“SOA yield”). Based
on this comparison, we conjectured that additional precursors present in the exhaust
(other than the C6 to C9 aromatic compounds in the exhausts thought to contribute
to SOA formation) accounted for more than 40% of the SOA formed. In spite of
this, the SOA formed from a few, pure precursors was surprisingly similar to the SOA
formed in the engine exhaust. Their elemental composition (H:C 1.4+0.2, O:C
0.4+0.1), and volatilities (inferred from thermal denuding, discussed below) were
about the same.

While the main focus of Article III was the carbonaceous secondary PM formed,
significant fractions (30-70%) of the secondary mass formed in the exhausts were due
to nitrates. Some of the nitrate was chemically bonded with the carbonaceous
fraction, corresponding to 3-8% of the latter by weight, but the majority occurred in
the form of ammonium nitrate (the two can be distinguished because the ratio NO*
to NO," ions is higher for ammonium nitrate, and by the abundance of ammonium).
Figure 8 shows the wall-loss corrected time series recorded in experiment I1 in Article
III. The nitrate has been divided into organic (bound to carbonaceous fraction) and
inorganic nitrate, assuming NO*/ NO," ratios of 0.2 (the lowest observed ratio, which
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occurred in experiments without secondary particulate ammonium) and 0.65
(measured for ammonium nitrate during the campaign), using the parametrization
introduced by Farmer et al® .
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Figure 8. Wall loss corrected timeseries of secondary PM formed in experiment I1 in Article III.
Time=00:00 indicates the start of UV irradiation.

Thermograms were obtained in selected experiments by heating the sampling flow to
temperatures up to 100 °C during approximately 6 s, and removing vapors using
activated charcoal. (The thermodenuder used was previously described by Jonsson et
al®.) As the ammonium sulphate seeds used in the experiments do not volatilize at
such temperatures, and the particle number concentrations recorded imply internal
mixtures, the sulfate signal was used to remove the combined effects of
thermophoresis, smog chamber wall losses, and instrument collection efficiency (see
section 3.1.2.1) from the data.
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Figure 9. Nitrate thermograms recorded in experiment I1 in Article III. Total (diamonds), inorganic

(circles, negative temperature offset) and organic (squares, positive temperature offset) nitrate, colored by
time from UV onset.
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Figure 9 shows the nitrate thermograms of experiment I1 (in Article III), where the
deconvolution of nitrate outlined above (as in Figure 8) has been applied. The
ammonium nitrate in these particles was significantly less prone to evaporate upon
heating than pure ammonium nitrate particles, which were previously studied using
the same thermodenuder®. The same observation — retarded ammonium nitrate
losses from thermal denuding (compared with pure ammonium nitrate particles) —
has been made in urban air®. It is likely that the low loss of ammonium nitrate upon
heating is a consequence of kinetic limitations imposed by the increasing amount of
SOA present in the particles. This would explain the increase of remaining mass
fraction with time. This hypothesis carries the implication that in such experiments,
where brief (a few seconds) heating is used to classify PM volatility, the phase and
mixing state comes into play as well as intrinsic, molecular properties such as
saturation vapor pressure and enthalpy of vaporization. The same would be true for
isothermal dilution of the aerosol, unless sufficient time was allowed to pass between
dilution and measurement, and equilibrium conditions were achieved. Thus,
inferences made about the chemical composition of aerosol particles based heating or
diluting the aerosol briefly would be confounded.

Nitrate groups were fairly abundant in the SOA formed in experiment I1. Assuming
an average (by mass) SOA molecular weight of 200 Da, the ratio of nitrate groups to
SOA molecules was approximately 1:4. Upon heating to 100 °C, this ratio decreased
to about 1:10. This could be because the organic nitrates were more volatile than the
average SOA. However, thermal decomposition of the SOA molecules could also
explain this observation.

4.2.2 Diesel exhaust

Soot particles from a diesel-powered light-duty vehicle were investigated as potential
cloud condensation nuclei (CCN) in Article IV. Fresh emissions were injected into a
smog chamber (see section 3.2.1), and photochemically aged together with light
aromatic SOA precursors. In this manner we studied the entire range of diesel soot
transformation, from freshly emitted black carbon particles lightly coated with
hydrophobic primary organic PM, to particles dominated by (somewhat) hygroscopic
secondary organic PM, grown with the fresh particles as seeds.

Some CCN activity was observed immediately (defined by the time resolution of the
measurement, that is, in less than five minutes) after the onset of UV light. As the
photochemical ageing proceeded, the particles became progressively more efficient
CCN. With the exception of the very early stages of the transformation, the particles’
ability to activate into cloud droplets could be accurately modelled assuming constant
(independently derived) SOA properties using k-Kohler theory®” ®®. Key inputs to the
modelling exercise were the mobility-resolved particle mass, and its volatile fraction as

measured by the APM (see section 3.2.3). Furthermore, particle shapes were
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implicitly taken into account by using the volume equivalent particle diameters (see
section 3.1.2.2). During the initial stages however, the measured CCN activity was
consistently lower than what was modelled. As the condensed mass fraction increased,
the modelled and measured CCN activity converged; above roughly 10% condensed
mass, they were in agreement.

One possible explanation for the rapid UV-induced CCN activity is the
heterogeneous conversion of NO, into nitrous acid on the soot surfaces, a process
which is known to occur® and has been demonstrated to be enhanced drastically
under UV irradiation”. Water soluble material could thus conceivably be added to
the diesel soot over short timescales; nitrogen containing species could be involved in
the initial water uptake. Although the time traces look somewhat different, each
experiment featured an increased average carbon oxidation state (OSc) and nitrate
formation on the onset of UV light. In experiment DEP2 in Article IV, a rapid
increase in OS¢ and NO” ion intensity occurred within a few minutes after UV lights
were turned on (Figure 10). The increase of NO* ions corresponded to roughly 1%o
of the PM mass. The OA exhibited increased OS¢ throughout the ageing. The overall
time dependence, a gradual increase (see Figure 2, Article IV) of OS¢ was likely
caused by condensation of more oxidized SOA on reduced POA (for instance,
lubrication oils). The more sudden OS¢ increase in Figure 10 around t=4 minutes, by
contrast, seems to be the result of a rapid chemical transformation of the condensed
phase (as there is no corresponding increase in OA mass to explain the OS¢ shift from
-1.4to-1.1)
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Figure 10. Cloud activation at mobility diameter 150 nm (top) and polydisperse average carbon
oxidation state (bottom) and NO" signal in experiment (bottom) DEP2 of article IV.

52



The w-Kéhler modelling reported in Article IV, which assumes constant SOA
properties, overestimates the initial CCN activity. Either the discrepancy is caused by
an intrinsically different SOA or there is some extrinsic, CCN activity repressing
effect in play which is more pronounced in the early stages of the ageing. While the
data does not unambiguously exclude either explanation, it is not unlikely that the
cause of the low CCN activity is intrinsic to the SOA. It is conceivable that the initial
low concentration of OA favors the condensation of larger SOA molecules, which
have lower saturation concentrations. Larger SOA molecules would, all other things
being equal, explain the discrepancy between modelling and measurement in the early
stages of the ageing. However, the main finding is the close agreement between
modelled and measured CCN activity for diesel soot for the majority of the ageing
process.

Besides enabling water uptake, the secondary organic aerosol condensation was found
to induce morphological changes in the diesel soot. Consistent with recent findings
by Schnitlzer et al.,”! who worked with diesel soot proxies (burner soot) and SOA
from aromatic precursors, the reshaping process was rather slow in our experiments.
At first, the shape changed due to the filling of open structures in the soot
agglomerate. In the later stages, when most of the particle mass was secondary, the
soot cores began to restructure. This restructuring was irreversible; when the coatings
were removed, the shape was still different from that of the freshly emitted soot.

In our experiments, diesel soot ageing though SOA condensation was studied under
dry conditions. One of the parameters investigated (but not reported in Article IV)
was particle water uptake in sub-saturated (RH 90) air: the hygroscopic growth factor
(HGF). HGF was measured in terms of mobility diameter (D,), which is the
conventional approach. Contrary to D,,, asphericity in particles translates into larger
D.. The experiments consistently featured HGFs below unity, which indicates that
restructuring of the particles occurred due to water uptake. This restructuring was
observed to begin early in the ageing process, where most of the particle mass (>80%)
was still BC. Thus, liquid water condensation was found to accelerate the diesel soot
restructuring.

4.3 Ambient measurements

In ambient air, chemical species have characteristic distributions over size in PM.
Particulate nitrates, sulphates and ammonium are predominantly found in the
accumulation mode, which in terms of mass often peaks in the 500-800 nm D,, range
(see 3.1.2.2). Organic aerosol (OA) is also found in the accumulation mode, but
typically with a “tail” towards smaller diameters, indicative of recent (hours to one or
a few days) condensation. Sometimes, but not always, this follows new particle
formation. However, OA which has condensed on accumulation mode particles will
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also contribute to the “tail”. In and downwind urban centers, the “tail” is overlaid
with fresh traffic emissions, which mostly consist of black carbon (BC) and OA (see
Figure 11). This OA has mass spectral features which are consistent with lubrication
oil. BC is unique among the major PM, constituents, in the sense that it is exclusively
primary and non-volatile. Freshly emitted BC is also uniquely aspherical, while aged
BC-containing particles are close to spherical, like most non BC-containing particles.
Consequently, the distribution of BC across PM; and the evolution of this
distribution with atmospheric ageing, are very informative.
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Figure 11. Ambient, chemically resolved D.. distributions. Top: urban air, bottom:rural air. Left:
campaign averages, right: subsets with enhanced influence from fresh diesel exhaust (top) and urban
plumes (bottom). Center: refractory black carbon distributions in isolation. Figure 1 in Article V.

Article V is based on D, resolved SP-AMS data from smog chamber experiments (see
section 4.2.1) simulating diesel exhaust ageing, combined with ambient observations
made in urban and rural air. The urban sampling was conducted at a curbside site in
Copenhagen’, and the rural data was recorded at the ACTRIS” regional background
site. Vavihill’, situated approximately 60 km from downtown Copenhagen. Both
campaigns were carried out in wintertime, in consecutive years.

The average urban PM, distribution was dominated by accumulation mode particles
(Figure 11). The proportion of local and transported PM; in urban air depends on
many factors, (both meteorological and related anthropogenic activities), but similar
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observations have been made for other cities. A recent study”” found that even in the
considerably larger city of Paris, regional contributions dominate.

A subset of the urban data was defined based on the ratio of rBC to OA. As the
purpose of the study (Article V) was to elucidate diesel soot transformation, the subset
was designed to enhance the influence on the urban data from fresh diesel exhaust.
For this purpose, all periods (dt=1 min) with more rBC than OA were selected. The
rationale behind the design was that fresh diesel exhaust particles are dominated by
rBC (in contrast to to all other major sources).

In the rural data, another subset was defined based on air mass back-trajectories. The
purpose of the rural subset was to enhance the influence of the urban plumes. All
back trajectories that had passed over Copenhagen (dt=1 h) were included. This was
done on the entire dataset, and the conclusions drawn from comparing average and
subset (further discussed below) were further verified by two complementary analyses.
First, the exercise was repeated on air masses of south-western origin only (the general
direction of the city from the regional background site), to remove the possibility of
confounding the results due to differing source regions. Second, back trajectories of
northern origin were selected to further enhance the relative contribution of the city,
at the expense of the extent of the comparison (the number of hours included) and
signal to noise ratio.

Atmospheric transformation was found to have moved the freshly emitted diesel soot
well into the accumulation mode (Figure 11, center). As the average (over rBC
abundance) modelled transport duration was a mere five hours, this was an
unexpected finding. While suggested transformation timescales in the literature vary
from hours to weeks™®, this is to my knowledge the first report of rapid transformation
despite such limited photochemistry. A cumulative hydroxyl radical exposure of
0.4-10° molecules/cm® - h was modelled using the process model ADCHEM”’. Given
that photochemistry is considered to be the main driver of atmospheric
transformation of PM,, one would expect rather small changes to occur during the
first five hours of plume evolution under these conditions.

The smog chamber data show that in order to move fresh diesel soot into the
accumulation mode, substantial amounts of SOA (around ten times the original
particle mass) are required under dry conditions (Figure 12). D, is determined by
shape and mass (see 3.1.2.2). The mass (1.2 fg) and mass weighted dynamic shape
factor (DSF, 2.2) of the fresh diesel soot studied in the laboratory was calculated from
Aerosol Particle Mass analyzer and Scanning Mobility Particle Sizer data (see section
3.2.3). Using this mass and shape, the ambient data were reproduced with reasonable
accuracy (Figure 12). In order to approach the accumulation mode however, particle
shape must change. The reason such extensive SOA coating was required is that this
effect (decreased DSF due to agglomerate restructuring) occurred late in the
experiments, consistent with recent studies of artificial burner soot”".
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Figure 12. Diesel soot transformation in the smog chamber and ambient air: D, versus rBC fraction.
Three smogchamber experiments with diesel soot (small circles, triangles and squares) and ambient
campaign averages (large stars). Effects of BC mass and shape (dynamic shape fractor, DSF) illustrated by
lines. Details in text. Figure 3 in Article V.

While much SOA is required to complete the soot restructuring, there are other,
more efficient potential reshaping agents available in ambient air. Sulphuric acid for
instance, has been demonstrated to efficiently reshape diesel soot proxies’ . In all
likelihood soot restructuring is linked to the surface tension of the condensing species;
higher surface tensions are expected to restructure particles more efficiently. As water
also has high surface tension, and is present in great abundances, more so than other
vapors by orders of magnitude, it is a very likely candidate to have caused the rapid
ambient soot transformation observed in Article V.

In order for liquid water to have caused the reshaping observed, the diesel soot in the
urban plumes must have rapidly acquired hygroscopic coatings. The air mass back-
trajectory guided mass spectral analysis strongly suggests that this role was mainly
played by ammonium nitrate. While SOA was found to enable water-induced
restructuring (see section 4.2.2), ammonium nitrate is expected to be much more
efficient, as it contains a higher density of soluble entities (by an order of magnitude,
assuming an SOA molecular mass of 200 Da and one water soluble entity per SOA
molecule).
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4.4, Black carbon heteroatoms

Black carbon (BC) is formed during high temperature incomplete combustion of
carbonaceous fuels. The process, outlined in Figure 13, involves loss of hydrogen
from the unburnt fuel as it is graphitized. The completeness of the graphitization
process, and hence fraction of hydrogen lost, varies depending on the source. This is
because the characteristic combustion processes of the sources differ. Different fuel
mixtures are combusted, and at different temperatures and pressures. BC is highly
stable under ambient conditions (hence, there is prehistoric artwork drawn with soot
which still remains). In the combustion process however, BC is to a large extent an
intermediary. In diesel engines for example, it is well known that most of the BC is
completely oxidized in the cylinder (and hence, not emitted). As the processes involved
are inherently variable, it would be unexpected if the oxidation process was “all or
naught”. Partial oxidation of some (if not all) BC monomers seems more likely: one
could expect oxygen containing functional groups in the outer layers. In fact, it would
be puzzling if there were no heteroatoms (i.e., non-carbon atoms) present in the BC
since the original materials (diesel fuel, wood, etc.) all contain substantial amounts of
hydrogen, and the flames from which the particles originate are highly oxidizing
environments.
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Figure 13. Conceptual illustration of soot formation and transformation, with suggested origin of BC
heteroatoms: hygrogen (brown) and oxygen (yellow). A) BC monomers are formed through PAH
growth. B) Monomers graphitizise, oxidize and coagulate into agglomerates. C) Agglomerates undergo
further oxidation (often complete oxidation, stopping D-F from occuring). D) Agglomerates are coated
by condensing material upon reduction of temperature after emission. E-F) Further atmospheric
condensation of secondary PM which induces algglomerate restructuring. A-C: in flame, D-E: fresh
plume, F: aged plume.

Refractory oxygen-containing material was consistently found in the SP-AMS studies
reported here (Articles II, IV, V), which could be unambiguously assigned to rBC
(i.e., oxygen that was not part of the organic aerosol). The details of this deduction
are discussed below. Oxygen- and carbon-containing ions originating from rBC
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(rCO,") were identified in diesel exhaust, wood smoke, and ambient air heavily
influenced by fresh traffic emissions. The rC,O," ion abundances seem to always
follow the following rule: rCO* > rCO," > rC;0;" (this empirical rule holds beyond
the work presented here). However, as rCO" is masked by the neighboring N,* peak
(typically corresponding to ~100 nitrate equivalent pg/m?®), it is normally below
detection limits in ambient-relevant PM; concentrations, despite high ion abundance.
This issue can be overcome by reducing the molecular nitrogen content of the aerosol
(the normal fraction is 0.8), by sampling the particles in an argon atmosphere (the
alternative is sampling more concentrated PM,) as was done for wood smoke in
Figure 14.
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Figure 14. Wood smoke from the stove studied in Article I-II, emitted in the intermediate phase of a
nominal burn rate cycle (representative of emissions from appropriate stove operation). The acrosol was
diluted with argon, to reduce mass spectral interferences.

Notable peaks in the wood smoke mass spectrum (Figure 14) include pure carbon
clusters, CO", CO,", and the fragments originating from mono-saccharides such as
levoglucosan at 60 and 73 Th. The mono-saccharide peaks, which originate from
organic coating and not rBC, are often used for source attribution of wood smoke in
ambient air®. While the pure carbon peaks are entirely dominated by rBC
contributions, CO* and CO," can have significant contributions from non-refractory
PM as well. The assigments of CO" and CO," to rBC were done using the
“fragmentation table” approach (see section 3.1.3). The C;* signal was used to
calculate rBC fractions (in these experiements the ratios of rCO* and rCO;" to Cs*
were found to be 1+0.1 and 0.1+0.03, respectively). In the example spectrum in
Figure 14, the non-refractory organic contribution to CO" is rather small. This is
consistent with the fact that the other organic peaks make up a limited fraction of the

full MS.
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In order to make the split between the rBC and OA signal, the flexibility of the dual
vaporizer (see section 3.1.1) configuration can be used. From scatter plots of data
recorded with and without the laser vaporizer (soot module) engaged, conclusions can
often be drawn as to which ions have significant rBC contributions (thus identifying
signals from BC heteroatoms). Both rBC and non-refractory PM are detected with
the laser engaged, but only non-refractory PM is detected when the laser is
disengaged. Since the collection efficiency is increased (see section 3.1.2.1) by the use
of two vaporizers rather than one, the slope of the correlation is normally above one.
Ions which fall significantly above the general slope, as for example CO," in Figure
15, have contributions from rBC.
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Fig 15. Black carbon heteroatoms (O) identified in diesel exhaust particles. Figure 2A in Article V.
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Figure 16. Black carbon heteroatoms (H and O) identified in wood smoke emitted at high burn rate.
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While signal form refractory oxygen containing material (rC,O,") has so far been
ubiquitous in all SP-AMS spectra of concentrated soot samples I have seen (wood-
stoves, diesel engine exhaust, near traffic ambient air, as well as various burner soots,
and commercially available samples), clear signals from refractory hydrogen
containing material (rCiH,") are rarer. rC;H," is expected to be more abundant in less
mature soot, where the graphitization process has been interrupted (e.g. by quenching
of flames by stove surfaces) or combustion temperatures and/or pressures are lower.
Even when present, these signals are typically weaker than rC.O," signals. In wood
smoke for instance, it seems the main rC.H," ion; rC;H," is (as a rule of thumb)
about as abundant as Cs*, while CO*; the main rC,O," ion, is about as abundant as
Cs* (i.e., typically an order of magnitude more abundant).

Although the scatter plot analysis is complicated by the differences in fragmentation
patterns between the two vaporizers® these differences tend to reduce the apparent
heteroatom content rather than increase it. The softer laser vaporization favors
formation of larger ions, not the small ions identified as originating from rBC
constituents. Furthermore, a constraint can be put on this issue (the difference in
fragmentation patterns) by considering that the possible positive offsets from the
general slope (which might be misinterpreted as BC heteroatoms) can be gauged from
the scatter of the other ions. Fragmentation-induced differences will give both
positive and negative offsets. Finally, for ions that are virtually absent in the spectrum
when the laser vaporizer is disengaged, but have significant intensities when it is
engaged (as C;O," in Figure 15 above), the offset is unlikely to rise from
fragmentation differences.

Another possible caveat is the temporal variability in the PM studied. In the ambient
case (Article V) this caveat was mitigated by using an extended dataset (that way this
effect will average out), while the wood smoke plot above (Figure 16) the issue was
resolved by the use of batch-wise injection into a large mixing volume (see section

4.1.2 and Article II).

Quantifying the abundances of black carbon heteroatoms (and arguably the main
point of the AMS technique is the possibility of quantification!) has proved
challenging as there is a large instrument-to-instrument variability in sensitivity, and
due to the lack of a suitable reference method. As there is good repeatability of
qualitative comparisons across instruments (“sample X contains N times more oxygen
than sample Y”) and over time for one instrument and one sample, I believe we can
and will resolve this issue with time.
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5. Summary and conclusions

I have deployed a Soot-Particle Aerosol Mass Spectrometer (obviously there was
auxiliary instrumentation, and many colleagues were involved!) in laboratory and field
campaigns, and measured the chemical composition and microphysical properties of
PM,. My overall goal was to elucidate the emission and atmospheric transformation
of soot particles. The studies were focused on emissions from wood stoves and light-
duty vehicles. These are the main conclusions drawn from the research presented in
this thesis:

Particulate PAH emission from wood stoves is highly dependent on combustion
intensity. Some emissions occur shortly after fuel addition, which are difficult to
avoid. Later in the combustion cycle, further emissions will be controlled by the
combustion intensity. More intense combustion causes higher emissions. High
combustion intensity is favored by dry fuel, high fuel addition rates, and small logs.
Furthermore, emissions of SOA precursors and light-absorbing, climate warming
carbonaceous particulates are also elevated under excessively intense combustion. The
same is true for benzene (a carcinogen) and methane (a potent green-house gas).
Consequently, it would be advantageous for both air quality and the mitigation of
anthropogenic climate forcing if excessively intense wood combustion was avoided.

Well insulated biomass combustion appliances, such as modern wood stoves, can
produce nearly black PM. The absorption Angstrom exponents observed were closer
to literature values for diesel exhaust than wood smoke. This means that source
attribution efforts based on Absorption Angstrém exponents will misattribute such
emissions. Intense photochemical processing did little to change the measured optical
properties of the PM.

Gasoline exhaust readily forms secondary PM. The secondary PM formed in the
smog chamber outweighed primary PM emissions by one to three orders of
magnitude. About half of the material formed was organic (SOA). The remainder was
dominated by ammonium nitrate. Approximately half of the SOA derived from
gasoline exhaust appears to have originated from C6-C9 aromatics, which are the
main species implicated in the literature.

Diesel exhaust particles exhibit progressively increased hygroscopicity when
photochemically aged together with light aromatic compounds in the laboratory. The
fresh exhaust particles are hydrophobic. As UV light is supplied, a rapid (in less than
five minutes) transformation occurs, and the particles become slightly hydrophilic,
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and cloud condensation nuclei (CCN) activity begins at high supersaturations. With
further  photochemical processing, the particles’ hydrophilicity —increases
monotonically, due to the condensation of secondary organic aerosol (SOA). The
particles’ ability to act as cloud condensation nuclei can be accurately modelled
assuming constant SOA properties, except during the early phases of ageing (where
the SOA constitutes less than ~10% of the particle mass). In this early stage of the
ageing, the measured cloud condensation nuclei fraction is below the modelled one,

possibly due to intrinsically different SOA.

As diesel exhaust particles become coated with SOA, their shapes are altered. This is
partly due to the filling of open structures, and partly to restructuring of the soot
core. The latter is an irreversible process which occurs predominantly in the later
stages of ageing when the particles are dominated by SOA. When the ageing particles
are exposed to humid (subsaturated) air, the restructuring is accelerated due to the

water uptake of the SOA.

The ambient observations, which were made in wintertime Copenhagen and environs
showed rapid and extensive transformation of diesel exhaust particles. In a few hours,
the particles had grown into the accumulation mode, despite limited photochemistry.
This was mainly due to the coupled addition of ammonium nitrate, and liquid water
to the particles.

Black carbon, which is emitted by a range of processes where carbonaceous materials
combust is not pure carbon. Even discounting the organic components (of which
there always seems to be some judging from the mass spectra), there are still
heteroatoms present in the BC particles. Heteroatoms in this context means “not
carbon” atoms: oxygen and hydrogen.
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6. Outlook

Further investigations of BC heteroatoms are warranted. BC volatilization in inert
atmospheres can help elucidate the heteroatoms. Presumably, the surface oxides
decompose at elevated temperatures (hotter than the 600 °C normally used in AMS
vaporization). Burner soot data already acquired should be used to test the hypothesis
that the refractory hydrogen originates from less mature BC components. The
connection between refractory hydrogen and absorption Angstrom exponents should
be investigated. Comparison with in-situ X-ray Photoelecton Spectroscopy could
show which functional groups contain the heteroatoms.

It is important to understand the instrument-to-instrument variability in BC
heteroatom sensitivity. Ion source tuning and laser vaporizer power seems likely
candidates to explain the variability. Another feature that would be interesting to
investigate during such experiments (varying tuning and power) is the difference in
response towards the vaporizers, normally folded into the ionization efficiencies of
Regal Black and ammonium nitrate.

Future measurements on systems that feature rapid transients, such as street canyons,
as well as wood smoke emissions, should be performed at 1 Hz sampling frequency
(or faster depending on the sampling lines).
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